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Abstract 
 
Integrated analytical and large-scale experimental studies of earthquake-resistant 
buckling-restrained braced frame (BRBF) systems were conducted at the ATLSS 
Center, Lehigh University.  The primary objectives of this research program were to 
investigate system-level performance of BRBFs, to create analytical models and 
validate them through large-scale experimental earthquake simulations, to develop 
new BRBF connection details with improved performance, to evaluate expected 
buckling-restrained brace (BRB) maximum ductility demands and to verify the 
ductility capacity of BRBs. 
 
A four-story prototype building with BRBFs as the lateral-load-resisting system was 
designed according to current seismic provisions to provide the context for the 
research program.  A one-bay prototype frame was extracted from the prototype 
building and used as the focus for the analytical and experimental studies.  The 
nonlinear analytical model of the prototype frame included a BRB model with 
isotropic and kinematic hardening effects.  Time-history analyses were performed 
using ground motions scaled to two seismic input levels: the design basis earthquake 
(DBE) and the maximum considered earthquake (MCE).  These analyses 
demonstrated that the life safety (LS) and near collapse (NC) performance levels, 
which were the target performance levels for the DBE and MCE seismic input levels, 
respectively, were achieved in terms of structural performance. 
A test frame, which was approximately a 3/5-scale version of the prototype frame, was 
designed for the large-scale experimental portion of this research program.  The beam-
column-brace connections in the test frame were designed to allow rotation and to 
minimize moment.  A hybrid pseudo-dynamic testing algorithm was used to conduct 
four earthquake simulations: a frequently occurring earthquake (FOE), a DBE, a 
MCE, and an aftershock earthquake equivalent to 80% of the DBE.  The test frame 
exhibited excellent performance and did not show any signs of strength or stiffness 
degradation.  Significant story drift and BRB ductility demands were sustained 
without failure. 
 
The results from the analytical and experimental studies described in this report 
demonstrate the ability of the BRBF system to withstand multiple seismic events, 
including an MCE level seismic event, without difficulty.  Modifications to the current 
design specifications for BRBFs contained in the AISC Seismic Provisions are 
recommended. 
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Chapter 1 
Introduction 
 
1.1 Overview 
1.1.1 Background 
Owing to the limited ductility and energy dissipation capacity of conventional 
concentrically braced frame (CBF) systems, significant research efforts have gone 
towards developing new CBF systems with stable hysteretic behavior, significant 
ductility and large energy dissipation capacity.  One CBF system with improved 
seismic behavior is the buckling-restrained braced frame (BRBF).  A BRBF is a CBF 
with buckling-restrained braces (BRBs).  A BRB has two basic components: a steel 
core element that carries the entire brace axial force, and a confining or restraining 
exterior element that prevents the core from buckling in compression and allows it to 
yield in both tension and compression.  Figure 1.1(a) illustrates a typical BRB 
configuration in which the steel core is confined within a concrete filled steel tube 
(CFT).  The steel core is debonded from the confining concrete so that the core is able 
to carry the axial force independent of the CFT.  The core is flared at the ends to create 
a specific region of contained yielding away from the connections, as shown in Figure 
1.1(b).  Typical cyclic behavior for a BRB is shown in Figure 1.2 [Merritt et al. 
2003b]. 
 
In addition to the stable hysteretic behavior of BRBs, a significant advantage of using 
this type of brace in earthquake-resistant structural systems is damage control.  In a 
properly designed BRBF, the inelastic behavior will occur primarily in the braces.  
The other components of the BRBF, namely, the beams, columns and connections, 
should remain nearly elastic and sustain minimal damage.  This behavior contrasts 
with other ductile earthquake-resistant systems, such as moment-resisting frames 
(MRFs) or eccentrically-braced frames (EBFs), which dissipate energy through the 
formation of inelastic behavior in the beams.  For these structural systems, the damage 
is distributed throughout the frames and is difficult to repair.  In comparison, the 
damage in a BRBF should be concentrated in the braces, and the braces are relatively 
easy to access for inspection and repair or replacement, if necessary. 
 
1.1.2 BRB Development 
The pioneering work on buckling-restrained braces, also called buckling-inhibited 
braces or unbonded braces, was conducted in Japan over 30 years ago.  Xie [2005] 
provides a detailed summary of the development of BRBs in Asia and Uang et al. 
[2004] provide a broader summary of the development of BRBs worldwide.  The 
concept underlying BRBs was first investigated experimentally by Yoshino and 
Karino [1971].  In this study, cyclic tests were performed on two specimens, each 
composed of a steel plate encased in a reinforced concrete panel.  The steel plate was 
debonded from the concrete panel so that the axial force was carried by the plate and 
the panel prevented the plate from buckling in compression.  Wakabayashi et al. 
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[1973] investigated the concept in greater detail with extensive experimental studies.  
Kimura et al. [1976] conducted the first tests on the brace configuration described in 
the previous section and illustrated in Figure 1.1.  Watanabe et al. [1988] extended the 
work of Kimura et al. [1976] and demonstrated the excellent energy dissipation 
capacity and ductility that can be realized with BRBs. 
 
The BRB concept has become very popular in Japan, and since the first application in 
the mid-1980s, BRBs have been used in over 200 Japanese buildings [Sabelli and 
Aiken 2003].  However, BRBs have been used in North America only quite recently.  
Tremblay et al. [1999] conducted an experimental and analytical research program on 
BRBFs in preparation for the seismic retrofit of a four-story building in Quebec City, 
Canada.  The first application of BRBFs in the U.S. was in the Plant and 
Environmental Sciences Building on the campus of the University of California, Davis 
[Clark et al. 2000].  Since that time, BRBFs have been used or are in the process of 
being implemented in over 50 buildings, both for new construction and seismic retrofit 
[Lopez 2006a]. 
  
In Japan, BRBs have been used primarily as supplemental energy dissipation elements 
in MRFs [Iwata et al. 2003].  In contrast, BRBFs are being used in the U.S. as the 
primary lateral-load-resisting system for buildings.  Since the approach to applying 
BRBs is significantly different in Japan and the U.S., research is required to properly 
implement BRBFs in the U.S.  As the interest in using BRBFs in the U.S. has grown 
in the last few years, so has the need for developing knowledge about member and 
system behavior, and for rational design guidelines that will lead to BRBFs with 
superior seismic performance. 
 
1.2 BRBF Recommended Provisions 
1.2.1 Summary 
Since BRBFs are a relatively new structural system in the U.S., provisions governing 
their design are now in the process of being incorporated into standard building code 
provisions.  This process was initiated by a joint task group formed by the American 
Institute of Steel Construction (AISC) and the Structural Engineers Association of 
California (SEAOC).  The task group developed a guide document entitled 
Recommended Provisions for Buckling-Restrained Braced Frames [AISC/SEAOC 
2001], hereafter referred to as the BRBF Recommended Provisions.  The design 
coefficients and factors from the BRBF Recommended Provisions, listed in Tables 1.1 
and 1.2, were adopted in the latest revision of the NEHRP Recommended Provisions 
for Seismic Regulations for New Buildings and Other Structures [FEMA 2003], and 
they are expected to be included in a future edition of ASCE 7 [ASCE 2002].  The 
three primary design coefficients and factors are: 
• The response modification coefficient, R, 
• The system overstrength factor, Ω0, which is equal to the ratio of the maximum 
base shear to the design base shear, 
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• The deflection amplification factor, Cd. 
The entire BRBF Recommended Provisions are included in the latest edition of the 
AISC Seismic Provisions for Structural Steel Buildings [AISC 2005a].  In the course 
of being adopted into the AISC Seismic Provisions, the BRBF Recommended 
Provisions went through a peer review process and were modified slightly.  The 
current version of the BRBF Recommended Provisions is summarized by Sabelli 
[2004]. 
 
1.2.2 Qualification Testing Protocol 
Contained in the AISC Seismic Provisions [AISC 2005a] is a qualification testing 
protocol that is intended to ensure that BRBs will perform acceptably under 
earthquake loading.  The imposed displacement history for the testing protocol is 
based on the design story drift for the building being considered.  The displacement 
history is a cyclic symmetric record, and the details of the history are described in 
Table 1.3.  The variables defining the protocol are the BRB yield deformation, Δby, 
and the BRB deformation corresponding to the design story drift, Δbm.  For the 
purpose of calculating Δbm, the design story drift must be greater than or equal to 0.01 
radians.  Two types of ductility capacity are considered by the qualification protocol: 
cumulative ductility capacity, and maximum ductility capacity.  The qualification 
testing protocol requires BRBs to maintain force capacity through a cumulative 
ductility demand, μc, of at least 200 and a maximum ductility demand, μmax, of at most 
9.9.  These ductility demands are defined as: 
 
by
plastic
c Δ
Δ=μ ∑  (1.1) 
 
by
max
max Δ
Δ=μ  (1.2) 
where: 
∑Δ plastic = the cumulative plastic deformation of the BRB, 
Δmax = the maximum deformation (tension or compression) of the BRB. 
 
The maximum ductility demand value of 9.9 is the largest value that could be required 
at the 2.0Δbm deformation level shown in Table 1.3.  The cumulative ductility capacity 
requirement is significantly greater than the demands expected at the design basis 
earthquake (DBE) seismic input level, but much less than the cumulative ductility 
capacity that has been demonstrated in BRB tests.  The maximum ductility capacity 
requirement is based on the mean maximum ductility demand from time-history 
analyses of BRBFs subjected to a suite of ground motions scaled to the DBE seismic 
input level [Sabelli 2001, AISC 2005a]. 
 
The AISC Seismic Provisions [AISC 2005a] define two strength ratios that are 
determined from BRB qualification testing: the compression strength adjustment 
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factor, β, and the tension strength adjustment factor, ω.  β is defined as the ratio of the 
maximum compression force, Pmax,c, to the maximum tension force, Pmax,t: 
 
tmax,
cmax,
P
P=β  (1.3) 
ω is defined as the ratio of the maximum tension force to the nominal yield force, Py: 
 
y
tmax,
P
P=ω  (1.4) 
Thus, the quantity βω is equal to the ratio of the maximum compression force to the 
nominal yield force: 
 
y
cmax,
P
P=βω  (1.5) 
For a BRB tested using the protocol specified by the AISC Seismic Provisions [AISC 
2005a], the following acceptance criteria are specified: 
1. Load-displacement history shall exhibit stable, repeatable behavior with 
positive incremental stiffness. 
2. There shall be no fracture, brace instability or brace end connection failure. 
3. For all cycles beyond the yield level, the maximum tension and compression 
forces shall not be less than the nominal yield force of the core. 
4. The ratio of the maximum compression force to the maximum tension force 
shall not exceed 1.3 (i.e., β ≤ 1.3). 
 
1.2.3 Design Procedure 
The AISC Seismic Provisions [AISC 2005a] describe a design procedure for 
estimating the force and deformation demands that will develop in BRBs during a 
design-level seismic event.  This procedure is illustrated in the context of a detailed 
design example by Lopez and Sabelli [2004].  The procedure consists of four primary 
steps: 
1. Analyze the BRBF under the lateral forces prescribed by the building seismic 
design provisions (e.g., IBC 2000) to be used to evaluate compliance with the 
drift limits, and determine the corresponding BRB deformations.  For a given 
BRB, this deformation is denoted by the variable Δbx. 
2. Calculate the quantity Δbm using the Cd value from the relevant building 
seismic design provisions: 
 bxdbm C Δ=Δ  (1.6) 
3. Calculate the predicted BRB maximum ductility demand: 
 
by
bm
pmax 2)( Δ
Δ=μ  (1.7) 
4. Using (μmax)p and the backbone force-deformation curve developed for the 
BRB during the qualification testing procedure described above, determine the 
strength adjustment factors defined above in Equations 1.3 and 1.4. 
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The values of (μmax)p are then used to detail the braces and the β and ω values are used 
to design the beams, columns and connections in the frame. 
 
1.3 Relevant Previous Research 
1.3.1 Watanabe et al. [1988] 
In one of the earliest experimental studies on BRBs, Watanabe et al. [1988] tested five 
BRBs.  More information about this study is provided in a separate paper by Watanabe 
[1992].  All of the steel brace cores had the same nominal dimensions and material 
properties, but steel tubes with different cross-sectional properties were used in the 
restraining elements.  The study found that global brace buckling did not occur when 
the elastic buckling capacity of the restraining steel tube was greater than the yield 
force of the steel core.  Thus, a basic BRB design criterion is: 
 2
BRB
sts
2
y L
IE
P
π≤  (1.8) 
where: 
Py = the BRB yield force, 
Es = the modulus of elasticity of steel, 
Ist = the minimum moment of inertia of the restraining steel tube, 
LBRB = the effective length of the BRB. 
 
Of the five braces tested, two did not meet this criterion and they buckled in a global 
mode.  The three braces that met the criterion of Equation 1.8 exhibited stable 
hysteretic behavior and performed well.  Although the ductility demand data was not 
published, estimates based on the axial force-deformation plots in Watanabe [1992] 
indicate that these three braces withstood maximum ductility demands of 10 and 
cumulative ductility demands of approximately 50.  These early tests illustrate the 
significant ductility capacity of BRBs and illustrate the potential for using them in 
earthquake-resistant structural systems. 
 
1.3.2 Tremblay et al. [1999] 
In support of a seismic retrofit in Quebec City, Canada, an experimental study was 
conducted on a one-story one-bay subassembly with BRBs in a chevron configuration 
Tremblay et al. [1999].  A cyclic quasi-static test was performed up to a story drift 
level of four times the yield story drift.  The BRBs exhibited stable and symmetrical 
behavior with effective energy dissipation.  The post-yield stiffness of the 
subassembly varied between 10% and 15% of the elastic stiffness.  At a story 
displacement equal to three times the yield story displacement, the story shear strength 
was approximately 20% greater than the yield story shear strength. 
 
1.3.3 Sabelli [2001] 
An extensive analytical program on CBFs was conducted by Sabelli [2001].  CBFs 
with conventional braces and BRBs were considered.  Three-story and six-story 
prototype buildings were designed and nonlinear time-history analyses were 
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performed on prototype frames extracted from these buildings.  A suite of ground 
motion records developed for the SAC Steel Project and scaled to three seismic input 
levels [SAC 1997, Somerville et al. 1997] was used in the study.  The ground motion 
records correspond to stiff soil conditions in Los Angeles, California.  The two most 
demanding seismic input levels had 2% probability of exceedance in 50 years, 
corresponding to the Maximum Considered Earthquake (MCE), and 10% probability 
of exceedance in 50 years, corresponding approximately to the DBE, which is defined 
to have 2/3 the intensity of the MCE [FEMA 2003].  A statistical summary of results 
from the time-history analyses of the prototype BRBFs is presented in Table 1.4.  This 
statistical summary was obtained in two steps: (1) the maximum value of each 
response quantity, for any story in the BRBF, was determined for each ground motion, 
and (2) the mean, μ, and standard deviation, σ, were determined for each response 
quantity based on the sets of maximum values determined in (1).  The first number of 
the frame designation indicates the number of stories in the prototype BRBF, while the 
remainder of the designation relates to the frame configuration and design. 
 
1.3.4 Tremblay and Bouatay [2002] 
A useful point of comparison to the BRB testing protocol contained in the AISC 
Seismic Provisions [2005a] is provided by Tremblay and Bouatay [2002].  An 
analytical study was conducted to develop loading protocols for the seismic testing of 
ductile bracing members.  The loading histories were established based on nonlinear 
time-history analyses of two, four and eight-story concentrically braced frames 
containing ductile bracing members with bilinear hysteretic response.  Ground 
motions for two Canadian sites were considered in the study.  Testing protocols were 
developed for four cases: distant crustal seismic events in eastern and western Canada, 
and near field and subduction seismic events in western Canada.  Several brace 
response parameters, including ductility demand, energy dissipation and number of 
inelastic excursions, were considered in the development of the loading protocols.  
The required peak values of maximum ductility demand range from 5 to 12.  The 
testing protocols are unsymmetrical displacement histories that were designed to 
approximate earthquake displacement histories. 
 
1.3.5 Black et al. [2002] 
A comprehensive analytical and experimental program was conducted on BRBs by 
Black et al. [2002].    Analytical models were developed to predict failure modes and 
force-deformation behavior.  Nonlinear time-history analyses were performed on a 
single-degree-of-freedom (SDOF) model using two natural ground motions.  The 
results indicate that BRB maximum ductility demands exceeding 20 should be 
anticipated.  Five BRBs were tested using various loading protocols.  Maximum 
ductility demands that were imposed on the BRBs in the testing program are 
summarized in Table 1.5.  All of the specimens except 99-2 sustained the full loading 
protocol without stiffness or strength degradation.  The core of Specimen 99-2 
fractured due to low cycle fatigue.  Thus, the cumulative ductility demand of 879 that 
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was imposed on Specimen 99-2 is also its cumulative ductility capacity.  However, the 
other ductility demands that were imposed on the specimens are not BRB capacities 
but are lower bounds on the ductility capacities since failure did not occur at these 
levels. 
 
1.3.6 Aiken et al. [2002] 
Three BRBF subassembly tests were conducted at the University of California at 
Berkeley in support of the Stanley Hall replacement project at the University of 
California at Berkeley.  As shown in Figure 1.3 [Aiken et al. 2002], a one-bay, one-
story subassembly configuration was used and the lateral load was applied through 
second-story wide-flange braces in a chevron configuration to simulate realistic load 
transfer into the portion of the structure that was being tested.  The bay width was 
twenty feet and the story height was nominally eleven feet.  In Test 1, two BRBs were 
arranged in a chevron configuration (Figure 1.3(a)).  In Tests 2 and 3, a single-
diagonal configuration was used for the BRBs, (Figure 1.3(b)).  The subassembly 
dimensions were obtained by applying a scale factor of 0.7 to a portion of the actual 
structure. 
 
The tests were conducted by applying increasing cyclic displacement histories to the 
subassemblies, producing maximum story drift demands ranging from 0.02 radians to 
0.0263 radians.  The displacement histories were approximately based on the BRBF 
Recommended Provisions [AISC/SEAOC 2001], which required brace demands of 
1.5Δbm.  The peak BRB maximum and cumulative ductility demands, equal to 15.7 
and 326, respectively, occurred in Test 1.  Table 1.6 provides a summary of the 
maximum demands imposed during the tests. 
 
Although the subassembly tests demonstrated overall good BRB performance, they 
also illustrated some issues that require special attention.  In Test 1, the columns 
exhibited flexural and significant shear yielding, and the gusset plates and beams 
yielded at the beam-column-brace connections.  In Test 2, similar response was 
observed, and in addition, cracks began forming in the weld between the column and 
the gusset plate in the South beam-column-brace connection at a story drift less than 
0.02 radians.  The cracks propagated at story drifts greater than 0.02 radians, and 
gusset plate distortion was observed when the brace was in tension and the gusset 
plate was pinched by the beams and columns (see Figure 1.4). 
  
Before Test 3 was conducted, new gusset plates were installed in the subassembly.  In 
addition, small stiffener plates were welded at the free edge of the gusset plate 
adjacent to the column.  During Test 3 at story drift less than 0.02 radians, a crack 
initiated at the North beam-column-brace connection in the weld between the beam 
bottom flange and the column, as shown in Figure 1.5(a) [Aiken et al. 2002].  In the 
first excursion to a story drift of 0.0263 radians, a crack developed in the beam bottom 
flange at the end of the gusset plate in the South beam-column-brace connection and 
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then propagated through the beam flange and into the web, as shown in Figure 1.5(b) 
[Aiken et al. 2002].  This fracture led to large torsional beam rotations and out-of-
plane displacement of the brace.  At this point, the load-carrying capacity degraded 
severely and the integrity of the system was significantly compromised.  
 
In an evaluation of the subassembly test results, Lopez et al. [2002 and 2004] discuss 
some of the key issues related to BRBF design.  The observations include:  
1. The beams and columns of BRBFs act as a rigid frame that contributes 
significantly to the stiffness, strength and energy dissipation characteristics of 
the system.  Gusset plates increase the stiffness of the connection regions, 
leading to larger demands and potential gusset plate instability. 
2. Force-based design of gusset plates by the Uniform Force Method (UFM) 
produces connections with adequate strength in conventional applications.  
However, the UFM does not address deformation-related demands.  Due to the 
large deformation-related demands that develop in BRBFs subjected to 
significant story drifts, force-based design approaches may not be adequate. 
 
1.3.7 Iwata et al. [2000 and 2003] 
The performance of BRBFs was evaluated through time-history analyses and a BRB 
subassembly was studied experimentally by Iwata et al. [2000 and 2003].  The frame 
considered in the analytical study was a ten-story dual system combining MRFs and 
BRBFs.  The ratio of BRBF stiffness to MRF stiffness was two, while the BRBF to 
MRF strength ratio was roughly 0.1, leading to significant increases in the lateral force 
resistance of the system after yielding of the BRBs.  The MRF-BRBF dual system was 
subjected to an ensemble of five ground motions consisting of four natural records and 
one artificial record.  The ground motions were scaled to four seismic input levels 
(Level 1 to Level 4), defined by peak ground velocities of 0.25 m/s, 0.5 m/s, 0.75 m/s 
and 1.0 m/s. 
 
Iwata et al. [2003] indicate that the Level 1 and Level 2 seismic input levels are 
considered during the design process while the Level 3 and Level 4 seismic input 
levels are intended to represent more extreme input.  While these seismic input levels 
do not directly correspond to those used in the present study (DBE and MCE for Los 
Angeles, California, as discussed in Chapter 5), the peak ground accelerations were 
used to make approximate correlations.  The DBE seismic input level falls between 
Level 2 and Level 3, while the MCE seismic input level corresponds approximately to 
Level 4.  A statistical summary of the analysis results for all four seismic input levels 
is given in Table 1.7. 
 
In order to evaluate BRB performance, experiments were conducted by Iwata et al. 
[2000 and 2003] on a series of BRBs with different configurations.  The ductility 
demands imposed on the test specimens are summarized in Table 1.8.  It is important 
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to note that these demands are also the ductility capacities since testing was conducted 
until failure for all specimens. 
 
BRB performance criteria were developed based on the maximum and cumulative 
ductility capacities and an index related to energy absorption [Iwata et al. 2003].  
These criteria were then used to evaluate the BRB performance from the time-history 
analyses.  Based on the established performance criteria, only brace Types 1 and A 
were considered adequate for the Level 4 seismic input.  The required ductility 
capacity established for BRB performance under Level 4 seismic input is a maximum 
ductility capacity not less than 16.3 and cumulative ductility capacity not less than 
292.  These qualification standards are stricter than those required by the AISC 
Seismic Provisions [AISC 2005a]. 
 
1.3.8 Usami et al. [2003] 
Results from a BRB subassembly test were reported and used to verify an analytical 
BRB model by Usami et al. [2003].  The BRB was subjected to maximum ductility 
demands of 25 in tension and compression without failure.  From the cyclic force-
deformation behavior reported, the cumulative ductility demand imposed on the BRB 
was estimated to exceed 400.  This test is significant because it is the largest reported 
symmetrical (i.e., equal demands in tension and compression) maximum ductility 
demand imposed on a BRB.  The ductility demands imposed on this BRB are lower 
bounds on the true ductility capacities since failure did not occur. 
 
1.3.9 Merritt et al. [2003a] 
Six large-scale BRBs were tested by Merritt et al. [2003a] using various loading 
protocols.  The ductility demands imposed on the specimens are listed in Table 1.9.  
All specimens were tested until the cores fractured due to low cycle fatigue at 
cumulative ductility demands ranging from 600 to 1400.  Therefore, the cumulative 
ductility demands for these specimens are also the cumulative ductility capacities.  
The maximum ductility demands listed in Table 1.9 are lower bounds on the 
maximum ductility capacities. 
 
1.3.10 Merritt et al. [2003b] 
Eight full-scale BRBs, manufactured by Star Seismic LLC, were tested by Merritt et 
al. [2003b] using various loading protocols.  The ductility demands imposed on the 
specimens are listed in Table 1.10.  The cores of Specimens 1 and 2 fractured due to 
low cycle fatigue at cumulative ductility demands of 900 and 600, respectively.  
Therefore, these demands are the cumulative ductility capacities for Specimens 1 and 
2.  The remaining ductility demands listed in Table 1.10 are lower bounds on the 
ductility capacities since the BRBs did not fail. 
 
Expressions defining β and ω as functions of μmax were developed by Merritt et al. 
[2003b] based on the experimental results: 
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 11.100482.0 max +μ=ω  if μmax < 5 (1.9a) 
 18.10345.0 max +μ=ω  if μmax ≥ 5 (1.9b) 
 0.10194.0 max +μ=β  (1.10) 
These relationships are relevant in the present study since the BRBs used in the 
present study were manufactured by Star Seismic LLC. 
 
1.3.11 Tsai et al. [2003a] 
A full-scale 3-story 3-bay dual MRF-BRBF was tested in the structural laboratory of 
the National Center for Research on Earthquake Engineering (NCREE) using the 
pseudo-dynamic method [Tsai et al 2003a].  The test frame was composed of square 
and circular CFT columns, wide-flange steel beams and three types of BRBs.  This 
experimental program is documented in a set of papers by Tsai et al. [2004], Chen et 
al. [2004] and Lin et al. [2004].  The pseudo-dynamic testing was conducted using the 
explicit Newmark integration scheme, and a hybrid testing approach was implemented 
to account for the second-order effects due to the gravity loads tributary to the test 
frame.  Figure 1.6 shows a plan and elevation of the test frame, along with a plan of 
the prototype building from which the test frame was extracted.  Figures 1.7 and 1.8 
show typical beam-column-brace and beam-brace connections, respectively [NCREE 
2003]. 
 
Two phases of testing were conducted, and each phase included multiple tests.  The 
following is a brief summary of Phase 1: 
1. Test 1 was conducted using a ground motion record scaled to represent a 
ground motion with 50% probability of exceedance in 50 years.  The test was 
aborted due to out-of-plane distortion in the first story beam-brace gusset plate, 
as shown in Figure 1.9 [Chen et al. 2004].  The damage was repaired and 
stiffeners were installed at the free edges of all beam-brace gusset plates. 
2. Test 2 was conducted with the same input as Test 1.  Satisfactory behavior was 
observed and a maximum story drift of 0.0052 radians was sustained. 
3. Test 3 was conducted using a ground motion record scaled to represent a 
ground motion with a 10% probability of exceedance in 50 years.  Satisfactory 
behavior was observed and a maximum story drift of 0.019 radians was 
sustained. 
4. Test 4 was conducted using a ground motion record scaled to represent a 
ground motion with a 2% probability of exceedance in 50 years.  The test was 
aborted due to out-of-plane distortion at one of the base column-brace 
connections.  Stiffeners and out-of-plane bracing were added to the column-
brace gusset plates at the column bases, as shown in Figure 1.10 [Chen et al. 
2004]. 
5. Test 5 was conducted with the same input as Test 4.  Satisfactory behavior was 
observed and a maximum story drift of 0.024 radians was sustained.  After the 
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test was complete, slip was discovered at one of the column footings.  The 
footing was returned to its proper position and re-anchored. 
6. Test 6 was conducted with the same input as Test 4.  Satisfactory behavior was 
observed. 
7. Test 7 was composed of symmetric cycles of increasing story drift.  In the 
fourth cycle at a story drift of 0.02 radians, after applying 4 cycles at 0.01 
radians and 4 cycles at 0.0125 radians, out-of-plane distortion was observed at 
one of the beam-column-brace connections in the third story as shown in 
Figure 1.11(a) [Chen et al. 2004].  On the first cycle at 0.025 radians, the top 
ends of the two BRBs in the second story fractured and deformed the third 
floor beam laterally as shown in Figure 1.11(b) [Chen et al. 2004].  The test 
was stopped at this point. 
 
After the completion of Phase 1, the BRBs were removed and the gusset plates were 
repaired.  New BRBs were installed, and stiffeners were added at the free edges of the 
gusset plates used in the beam-column-brace (Figure 1.12(a)) and the beam-brace 
connections (Figure 1.12(b)) [Chen et al. 2004].  In addition, lateral braces were added 
on the third floor beam near midspan as shown in Figure 1.13 [Chen et al. 2004].  The 
following is a brief summary of Phase 2: 
1. Test 1 was conducted using a ground motion record scaled to represent a 
ground motion with a 10% probability of exceedance in 50 years.  Satisfactory 
behavior was observed and a maximum story drift of 0.024 radians was 
sustained. 
2. Test 2 was conducted using a ground motion record scaled to represent a 
ground motion with a 2% probability of exceedance in 50 years.  Satisfactory 
behavior was observed and a maximum story drift of 0.026 radians was 
sustained. 
3. Test 3 was composed of symmetric cycles of increasing story drift.  In the 
fourth cycle at a story drift of 0.025 radians, after applying 4 cycles at 0.0125 
radians, cracks were observed in the two exterior columns.  On the first cycle 
at 0.0375 radians, the two exterior CFT columns were completely fractured, 
leading to column uplift. At this point, the test was stopped. 
 
A follow-up finite element analysis study was conducted by Lin et al. [2005] to 
investigate the compressive behavior of BRBF gusset plate connections.  Various 
stiffened configurations were evaluated and compared to the unstiffened configuration 
originally used in the experimental program described above.  The conclusions from 
this study include: 
1. Stiffeners added along the free edges of a gusset plate are effective in 
preventing out-of-plane instability of the beam-column-brace connections. 
2. For an unstiffened gusset plate, the effective length factor should be 2.0 
instead of 0.65 when using the criteria proposed by Whitmore [1952] and 
Thornton [1984]. 
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3. Stiffeners added to a gusset plate increase the rotational stiffness of the BRB-
gusset connection.  This added stiffness also increases the flexural demand on 
the BRBs attached to the gusset, which may lead to undesirable failure modes. 
 
A full-scale one-bay two-story test frame was developed for further investigation of 
the BRBF system, including behavior under bi-directional earthquake loads [Weng et 
al. 2005].  The improved gusset plate connections developed in the finite element 
study mentioned above were implemented.  An experimental program similar to the 
one described above was conducted, and preliminary results appear to show good 
performance [NCREE 2005]. 
 
1.3.12 Tsai et al. [2003b] 
A series of tests was conducted by Tsai et al. [2003b] in support of the seismic 
upgrade of the Tapei County Administration Building.  Elastic testing was conducted 
on 27 BRBs, and inelastic testing was conducted on two isolated BRBs and a half-
scale one-bay one-story subassembly.  The maximum ductility demands imposed on 
the isolated BRBs are listed in Table 1.11.  These demands were calculated based on 
peak core strains reported by Tsai et al. [2003b].  The tension maximum ductility 
demand of 48.4 is the largest maximum ductility demand reported for a BRB.  The 
two specimens also sustained significant cumulative ductility demands before 
fracturing.  In the subassembly test, which included two BRBs in an unsymmetrical V 
configuration as shown in Figure 1.14 [Tsai et al. 2003b], distortion was observed in 
the end connection regions of the braces at a story drift of 0.01radians.  Figure 1.15 
[Tsai et al 2003b] shows a photograph of the out-of-plane distortion near the end the 
BRB.  This instability was attributed to the length of the connection region. 
 
1.3.13 Mayes et al. [2004] 
An analytical study was conducted by Mayes et al. [2004] to compare the response of 
four earthquake-resistant structural systems: 
1. A BRBF with steel BRBs, 
2. A BRBF with aluminum BRBs, 
3. A MRF, 
4. A dual MRF-BRBF with aluminum BRBs. 
 
For each system, models were developed for 3 and 9-story buildings.  The analytical 
models were subjected to 20 ground motion records developed for Los Angeles, 
California as part of the SAC program [SAC 1997, Somerville 1997].  The ground 
motion records were divided into four groups of five each, representing: 
1. Ground motions with a 50% probability of exceedance in 50 years, 
2. Ground motions with a 10% probability of exceedance in 50 years (DBE 
seismic input level), 
3. Ground motions with a 2% probability of exceedance in 50 years (MCE 
seismic input level), 
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4. Near-fault ground motions. 
 
The analytical results from the BRBF with steel BRBs are most pertinent to the 
present research.  Table 1.12 presents a statistical summary of story-drift demands for 
the ground motion records representing ground motions with a 10% and 2% 
probability of being exceeded in 50 years.  Detailed results were provided by Mayes 
[2006], along with results for a 20-story BRBF analyzed under the same ground 
motions.  For the DBE seismic input level, mean story drifts range from 0.008 to 
0.017 radians.  For the MCE seismic input level, mean story drifts range from 0.014 to 
0.029 radians.  In general, the story drift demand decreases as the building height 
increases. 
 
1.4 Research Needs 
As noted in the section above, many researchers have studied the behavior of isolated 
BRBs.  However, there is limited experimental data on system-level performance of 
BRBFs, and the studies that have been conducted have identified potential undesirable 
failure modes.  Further research on the system-level performance of BRBFs is needed.  
In particular, integrated analytical and large-scale experimental studies are necessary 
so that the results from the experimental simulations can be used to validate the 
analytical models. 
 
The large-scale experiments conducted by Aiken et al. [2002] and Tsai et al. [2003a 
and 2003b] indicate that the connection details used in conventional CBFs are not 
adequate for BRBFs.  Owing to the improved performance of BRBFs when compared 
to conventional CBFs (i.e., the ability of BRBFs to withstand much larger story drifts 
with no strength or stiffness degradation), conventional connection details are not 
capable of withstanding the demands imposed by the BRBF system.  Further research 
is necessary to develop BRBF connection details with improved performance and the 
ability to exploit the excellent ductility capacity of BRBs.  An adequate BRB testing 
protocol is needed and BRBs must be detailed for realistic maximum ductility 
demands.  Finally, further research is needed to evaluate the expected BRB maximum 
ductility demands. 
 
1.5 Research Objectives 
The overall objective of this research program is to expand the knowledge base of 
BRBF behavior and performance under earthquake loading.  This overall objective is 
composed of five specific research objectives: 
1. To investigate system-level performance of BRBFs designed using current 
code provisions and detailed for good seismic performance under large 
ductility demands. 
2. To create analytical models and validate them through large-scale experimental 
earthquake simulations. 
3. To develop new BRBF connection details with improved performance. 
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4. To evaluate expected BRB maximum ductility demands for multiple seismic 
input levels. 
5. To verify the ductility capacity of BRBs. 
 
1.6 Research Scope 
The research program described in this report integrates analytical and large-scale 
experimental studies.  The research scope includes ten primary tasks: 
1. Design a prototype building with BRBFs as the lateral-load-resisting system.  
A typical office building in a zone of high seismicity is designed using IBC 
2000 [ICC 2000].  Special detailing is employed to assure good performance 
under large ductility demands.  This prototype building serves as the basis for 
the analytical and experimental studies. 
2. Develop an analytical model of a BRBF from the prototype building.  A 
prototype frame is extracted from the prototype building and a detailed 
analytical model is developed using the DRAIN-2DX program [Prakash et al. 
1993].  This model includes a deformation-hardening brace model that is 
calibrated to test data.  The prototype frame model includes a “lean-on” 
column to account for the global second-order (P-Δ) effects of the gravity load 
from the gravity columns in the prototype building. 
3. Establish seismic performance objectives.  Broad seismic performance levels 
are associated with the seismic input levels used in the subsequent time-history 
analyses and the experimental program.  Specific structural response limits and 
limit states are defined for assessing the time-history analysis and experimental 
results. 
4. Perform nonlinear static-pushover and time-history analyses on the prototype 
frame analytical model.  Pushover analyses are conducted to evaluate ductility 
demand distribution and time-history analyses are carried out to evaluate 
performance at two seismic input levels, namely, the design basis earthquake 
(DBE) and the maximum considered earthquake (MCE). 
5. Evaluate the performance of the prototype frame.  Time-history analysis results 
are compared to the performance objectives.  Emphasis is placed on global 
displacement response and BRB ductility demands, particularly in relation to 
the current code provisions and design guidelines [AISC 2005a]. 
6. Develop new BRBF connection details.  New connection details are developed 
to prevent undesirable failure modes and to exploit the excellent ductility 
capacity of BRBs.   
7. Perform laboratory experiments on a large-scale test frame.  Earthquake 
simulations are conducted using the pseudo-dynamic testing method.  
Experimental simulations are carried out for various seismic input levels, 
ranging from low level to the MCE level. 
8. Evaluate the performance of the test frame.  Experimental results are compared 
to the performance objectives.  Emphasis is placed on global displacement 
response and brace ductility demands, particularly in relation to the current 
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code provisions and design guidelines [AISC 2005a].  The performance of the 
new connection details is evaluated. 
9. Compare experimental and analytical results.  Comparison of the analytical 
and experimental results allows for validation of the analytical model. 
10. Develop recommendations for BRBF design and analysis procedures.  The 
experimental and analytical results are used to suggest refinements to the code-
based design approach, the qualification testing protocol and connection design 
procedures. 
 
1.7 Organization of Report 
This report is divided into ten chapters, including the present chapter.  The remaining 
nine chapters (Chapters 2 through 10) are organized as follows: 
• Chapter 2 introduces the prototype building and describes the procedure used 
to design it. 
• Chapter 3 describes the nonlinear analytical model of the prototype frame. 
• Chapter 4 discusses the static pushover analyses that were performed using the 
prototype frame analytical model. 
• Chapter 5 summarizes the time-history analyses that were performed using the 
prototype frame analytical model. 
• Chapter 6 describes the large-scale test frame and presents the new connection 
details. 
• Chapter 7 describes the experimental setup, instrumentation plan, testing 
procedures and control algorithm. 
• Chapter 8 summarizes the experimental results and discusses the test frame 
behavior and performance. 
• Chapter 9 compares the experimental results with results from the test frame 
analytical models. 
• Chapter 10 summarizes the research program, highlights the important findings 
and conclusions and discusses future research needs. 
 
1.8 Notation 
Following is a list of the notation (variables, acronyms and abbreviations) frequently 
used in this report: 
 
a = acceleration vector 
ag = ground acceleration 
AISC = American Institute of Steel Construction 
ATLSS =  Advanced Testing for Large Structural Systems 
ASCE = American Society of Civil Engineers 
Ay = area of BRB core yielding region 
bk = width of BRB connection knife plate 
bt = width of BRB core transition region 
by = width of BRB core yielding region 
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BRB  = buckling-restrained brace 
BRBF = buckling-restrained braced frame 
c = damping matrix 
CAA = constant average acceleration 
CBF = concentrically-braced frame 
CBRB = adjustment factor on κ accounting for the difference between the BRB 
deformation from a theoretical kinematic relationship (κ) and the BRB 
deformation determined from nonlinear time-history analyses 
Cd = deflection amplification factor 
Ce = evaluation level adjustment factor relating mean plus one standard  
deviation response to mean response 
Ch = earthquake hazard level adjustment factor relating MCE response to 
DBE response 
Cθ = adjustment factor accounting for story drift concentrations due to 
higher mode effects and inelastic response 
CFT = concrete-filled tube 
Cs = seismic response coefficient 
(Cs)max = maximum seismic response coefficient 
(Cs)min = minimum seismic response coefficient 
CT, Cr = building period coefficient 
CU  = coefficient for the upper limit on the calculated period 
Cvx  = vertical distribution factor at level x 
d = displacement vector 
dG = ground level displacement 
dm = experimentally measured current test frame total displacement vector 
m
BFd  = experimentally measured current bracing frame displacement vector 
m
rd  = experimentally measured current test frame relative displacement 
vector 
dp = diameter of BRB connection pin 
dr = diameter of BRB connection reinforcing plate 
dtol = displacement tolerance vector 
D = dead load effect 
DBE = design basis earthquake 
E  = seismic load effect 
EBF = eccentrically-braced frame 
EBRB = BRB energy 
Em = maximum seismic load effect 
Es = steel modulus of elasticity 
Estory = story energy 
fi = weighting factor at period i 
Fa  = site coefficient 
FBRB  = BRB force 
FEMA = Federal Emergency Management Agency 
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FEXX  = nominal electrode strength 
FOE = frequently occurring earthquake 
Fu  = ultimate stress of steel 
FV  = site coefficient 
Fx  = seismic lateral force at level x 
Fy  = yield stress of steel 
g = acceleration of gravity 
hi  = the height of level i 
hn  = building height 
hsx  = story height between floor levels x and x-1 
hx  = the height of level x 
H = total building height above ground 
IBC = International Building Code 
IE = occupancy importance factor 
IO = immediate occupancy 
Ist  = minimum moment of inertia of BRB restraining steel tube 
ITBE = inelastic truss bar element 
k  = distribution exponent related to the building period 
k = stiffness matrix 
kconn  =  connection region stiffness 
kconn,e  =  experimental connection region stiffness 
kBRB = effective BRB stiffness 
L = live load effect 
LBRB  =  effective length of BRB 
Lc = length of BRB collar 
LCFT = length of restraining CFT 
Lconn = length of connection region 
Lfg = length of free gusset plate edge 
Lg = length of BRB internal longitudinal gap at end of CFT 
Lk = length of BRB connection knife plate 
Lp = BRB pin-to-pin length 
Lr = roof live load effect 
LRFD = load and resistance factor design 
LS = life safety 
Lt = length of BRB core transition region 
LVDT = linear variable displacement transducer 
Ly = length of BRB core yielding region 
m = mass of prototype building 
m = mass matrix 
M = earthquake moment magnitude 
MCE = maximum considered earthquake 
Mn  = member nominal moment capacity 
Mp  = member plastic moment capacity 
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MRF = moment-resisting frame 
Mu  = member factored moment 
n  =  number of building levels 
N = number of periods where error is minimized for earthquake ground 
motion scaling 
NC = near collapse 
NCREE = National Center for Research on Earthquake Engineering 
NEHRP =  National Earthquake Hazard Reduction Program 
O =  operational 
p = external load vector 
P = gravity load vector 
PFM = prototype frame model 
PGA =  earthquake peak ground acceleration 
Pmax  = maximum BRB force 
Pmax,c  = maximum BRB compression force 
Pmax,t  = maximum BRB tension force 
Pn  = member nominal axial force capacity 
Pu  = member factored axial force 
Py = BRB yield force 
Pyn,IH = ITBE updated negative (compression) yield force due to isotropic 
hardening 
Pyn,max = ITBE maximum negative yield force for the fully saturated isotropic 
hardening condition 
Pyn,o  =  ITBE initial negative yield force before isotropic hardening 
Pyp,IH  =  ITBE updated positive (tension) yield force due to isotropic hardening 
Pyp,max  =  ITBE maximum positive yield force for the fully saturated isotropic 
hardening condition 
Pyp,o  =  ITBE initial positive yield force before isotropic hardening 
QE  = effect of horizontal seismic forces 
r = restoring force vector 
r* = modified restoring force vector 
R =  response modification coefficient 
RBN,H =  test frame horizontal reaction force at Base North 
RBN,V =  test frame vertical reaction force at Base North 
RBS,H =  test frame horizontal reaction force at Base South 
RBS,V =  test frame vertical reaction force at Base South 
RE =  distance to the epicenter 
RGN =  test frame horizontal reaction force at Ground Level North 
RGS =  test frame horizontal reaction force at Ground Level South 
sk = spacing of BRB connection knife plates 
S1 =  spectral response acceleration at 1 second 
Sa =  spectral response acceleration 
SaM =  spectral response acceleration for the deterministic limit on maximum 
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considered earthquake 
GM
i,aS  = spectral acceleration value of the ground motion spectrum at period i 
etargt
i,aS  = spectral acceleration value of the target spectrum at period i 
SBM = shear building model 
SD1  =  design spectral response acceleration at one second 
SDOF = single degree of freedom 
SDS  =  short period design spectral response acceleration 
SS =  short period spectral response acceleration 
SEAOC = Structural Engineers Association of California 
SF = scale factor for earthquake ground motion 
t = thickness of plate 
tcore = thickness of BRB core yielding region 
te = thickness of BRB core end plate 
tk = thickness of BRB connection knife plate 
tr = thickness of BRB connection reinforcing plate 
T = period 
T1 = first-mode or fundamental period 
Ta = approximate fundamental period 
Ti =  building period for mode i 
TF = test frame 
TFM = test frame model 
Tmax =  maximum fundamental period for use in equivalent lateral force 
procedure 
UFM = uniform force method 
v = velocity vector 
V = design seismic base shear 
Vbase = base shear 
Vbase,y = yield base shear 
Vstory = story shear 
wi  = effective seismic weight of level i 
wx  = effective seismic weight of level x 
W = building effective seismic weight 
α  =  convergence rate parameter used in pseudo-dynamic testing 
αconn  =  connection region stiffness proportionality factor 
αconn,e  =  experimental connection region stiffness proportionality factor 
αm  =  mass-proportional damping coefficient 
αn  =  ITBE parameter that controls the negative yield force hardening rate 
due to cumulative plastic deformation 
αp  =  ITBE parameter that controls the positive yield force hardening rate 
due to cumulative plastic deformation 
β =  BRB compression strength adjustment factor 
βk =  stiffness-proportional damping coefficient 
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βn  =  ITBE parameter that controls the negative yield force hardening rate 
due to maximum deformation 
βp  =  ITBE parameter that controls the positive yield force hardening rate 
due to maximum deformation 
γn  =  ITBE weighting parameter for negative yield force hardening 
γp  =  ITBE weighting parameter for positive yield force hardening 
Δbm  =  BRB deformation corresponding to the design story drift (defined in 
AISC Seismic Specifications) 
ΔBRB  =  BRB deformation 
Δbx  =  BRB deformation when the BRBF is subjected to the lateral forces used 
to evaluate compliance with drift limits (defined in AISC Seismic 
Specifications) 
Δby  =  BRB yield deformation 
Δmax  =  BRB maximum absolute deformation 
Δmax,n  =  ITBE maximum negative deformation 
Δmax,p  =  ITBE maximum positive deformation 
Δroof  =  building lateral roof displacement 
Δstory  =  story displacement 
Δt = time step 
Δx = displacement of floor level x 
Δx-1  = displacement of floor level x-1 
Δyn  =  ITBE negative yield deformation 
Δyp  =  ITBE positive yield deformation 
εy =  yield strain of steel 
ζ  =  viscous damping ratio 
ζi =  viscous damping ratio for mode i 
θ =  brace angle with respect to horizontal 
θroof =  roof drift 
θroof,max =  maximum roof drift 
θroof,res =  residual roof drift 
θroof,y =  yield roof drift 
θstory,e =  elastic story drift 
θstory,x =  story drift for story x 
ι  =  acceleration influence vector 
κ =  kinematic relationship between BRB maximum ductility demand and 
maximum story drift 
μ =  mean 
μc  =  BRB cumulative ductility demand 
μmax  =  BRB maximum ductility demand 
(μmax)p =  predicted BRB maximum ductility demand 
μroof  =  roof drift ductility demand 
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σ =  standard deviation 
∑Δ plastic  =  cumulative plastic deformation 
φb  = strength reduction factor for flexure 
φc  = strength reduction factor for axial compression 
ω =  BRB tension strength adjustment factor 
ωi =  building frequency for mode i 
Ω0  =  system overstrength factor 
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Table 1.1 – Design Coefficients and Factors for the BRBF System [AISC 2005a]. 
 
Height Limit (ft) 
Seismic Design Category 
Basic Seismic 
Load-Resisting 
System 
Response 
Modification 
Coefficient 
 
R 
System 
Overstrength 
Factor 
 
Ω0 
Deflection 
Amplification 
Factor 
 
Cd 
B&
C D E F 
Building Frame Systems 
BRBF (non-MR 
beam-column 
connections) 
7 2 5 ½ 
NL* 160 160 100 
BRBF (MR 
beam-column 
connections) 
8 2 ½  5 
NL* 160 160 100 
Dual Systems with Special Moment Frames Capable of Resisting at Least 25% of the Prescribed 
Seismic Forces 
BRBF 8 2 ½    5 NL* NL* NL* NL* 
*NL = no limit. 
 
 
Table 1.2 – Value of Approximate Period Parameters Cr and x [AISC 2005a]. 
 
Structure Type Cr x 
BRBF 0.03 0.75 
 
 
Table 1.3 – BRB qualification testing protocol [AISC 2005a]. 
 
Number of 
cycles Deformation 
2 Δby 
2 0.5Δbm 
2 1.0Δbm 
2 1.5Δbm 
2 2.0Δbm 
* 1.5Δbm 
*Additional cycles as required to achieve μc = 200. 
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Table 1.4 – BRBF time-history analysis results [Sabelli 2001]. 
 
BRB ductility demand BRBF 
designation 
Seismic 
input 
Statistical 
quantity 
Maximum 
story drift Maximum Cumulative
μ 0.015 10.6 38 3vb* 10% in 50 years μ+σ 0.022 15.3 59 
μ 0.014 9.7 39 3vb2 10% in 50 years μ+σ 0.021 13.6 63 
μ 0.016 10.7 88 6vb* 10% in 50 years μ+σ 0.019 12.8 132 
μ 0.016 10.7 83 6vb2 10% in 50 years μ+σ 0.022 14.5 135 
μ 0.045 17.4 139 6vb2 2% in 50 years μ+σ 0.066 25.1 185 
μ 0.015 8.9 56 6vb3 10% in 50 years μ+σ 0.021 12.9 92 
*Designed with R = 6.  All other frames were designed with R = 8. 
 
 
Table 1.5 – BRB experimental ductility demands [Black et al. 2002]. 
 
BRB ductility demand BRB specimen 
designation 
BRB Py 
(kips) Maximum Cumulative 
99-1 273 20 324 
99-2 364 10 879* 
99-3 486 10 279 
00-11 454 15 1045 
00-12 454 15 538 
*Core fractured due to low cycle fatigue.  All other specimens did not fail. 
 
 
Table 1.6 – BRBF subassembly experimental demands [Aiken et al. 2002]. 
 
BRB ductility demand Test 
number 
Brace 
configuration 
BRB Py 
(kips) 
Maximum 
story drift Maximum Cumulative
1 Chevron 259 0.020 15.7 326 
2 Diagonal 259 0.026 13.9 299 
3 Diagonal 478 0.0263 13.8 219 
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Table 1.7 – MRF-BRBF time-history analysis results [Iwata et al. 2003]. 
 
BRB ductility demand Seismic 
input 
Statistical
quantity Maximum Cumulative 
μ 3.5 49 Level 1 μ+σ 3.8 75 
μ 7.2 109 Level 2 μ+σ 8.3 139 
μ 11.9 192 Level 3 μ+σ 13.1 256 
μ 13.5 292 Level 4 μ+σ 20.2 391 
 
 
Table 1.8 – BRB experimental ductility demands [Iwata et al. 2000 and 2003]. 
 
BRB ductility demand* BRB 
specimen designation Maximum Cumulative 
Type 1 23.4 691 
Type 2 15.6 178 
Type 3 23.4 240 
Type 4 17.9 191 
Type A 19.6 406 
Type B 16.3 178 
Type C 16.3 153 
*All braces were tested to failure. 
 
 
Table 1.9 – BRB experimental ductility demands [Merritt et al. 2003a] 
 
BRB ductility demand BRB 
specimen 
designation 
BRB Py 
(kips) Maximum Cumulative* 
1D 388 19 1070 
2D 388 19 1100 
3D 712 15 700 
4D 712 15 600 
5D 897 16 1400 
6D 897 17 1200 
*All cores fractured due to low-cycle fatigue. 
 26
Table 1.10 – BRB experimental ductility demands [Merritt et al. 2003b]. 
 
BRB ductility demand BRB 
specimen 
designation 
BRB Py 
(kips) Maximum Cumulative 
1 160 15 900* 
2 250 15 600* 
3 350 10 1600 
4 500 15 1100 
5 750 15 1300 
6 750 15 800 
7 1198 10 1000 
8 1202 10 1000 
*Cores fractured due to low-cycle fatigue.  All other specimens did not fail. 
 
 
Table 1.11 – BRB experimental demands [Tsai et al. 2003b]. 
 
BRB maximum ductility demandBRB 
specimen 
designation 
BRB Py 
(kips) Tension Compression 
T2_420SN_A 598 48.4 15.9 
T3_350 663 42.3 18.9 
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Table 1.12 – BRBF time-history analysis results [Mayes et al. 2004]. 
 
BRBF 
designation
Seismic 
input 
Statistical 
quantity 
Maximum 
story drift 
μ 0.017 
μ+σ 0.028 3-story 10% in 50 years 
Maximum 0.045 
μ 0.010 
μ+σ 0.017 9-story 10% in 50 years 
Maximum 0.031 
μ 0.008 
μ+σ 0.011 20-story 10% in 50 years 
Maximum 0.014 
μ 0.029 
μ+σ 0.046 3-story 2% in 50 years 
Maximum 0.069 
μ 0.015 
μ+σ 0.023 9-story 2% in 50 years 
Maximum 0.034 
μ 0.014 
μ+σ 0.018 20-story 2% in 50 years 
Maximum 0.023 
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Figure 1.1 – Schematic of a BRB: (a) complete brace; (b) steel core detail. 
 
 
 
 
Figure 1.2 – Typical BRB cyclic behavior [Merritt et al. 2003b]. 
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(a) 
 
 
(b) 
 
 
Figure 1.3 – Experimental setup [Aiken et al. 2002]: (a) Test 1; (b) Tests 2 and 3. 
North 
North 
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Figure 1.4 – Gusset plate distortion in Test 2 of BRBF subassembly experimental 
program conducted at the University of California at Berkeley [Aiken et al. 2002]. 
 
 
(a) 
 
 
(b) 
 
 
Figure 1.5 – Limit states observed during Test 3 of BRBF subassembly experimental 
program conducted at the University of California at Berkeley [Aiken et al. 2002]: (a) 
crack in North beam-column weld; (b) beam flange fracture at South beam-column-
brace connection. 
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Figure 1.6 – Experimental setup [Tsai et al. 2004]: (a) prototype building plan; (b) test 
frame plan; (c) test frame elevation. 
 
 
 
 
Figure 1.7 – Column-brace connection in full-scale MRF-BRBF experiment 
conducted at the National Center for Research on Earthquake Engineering [NCREE 
2003]. 
(a) (b) 
(c) 
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Figure 1.8 – Beam-brace connection in full-scale MRF-BRBF experimental program 
conducted at the National Center for Research on Earthquake Engineering [NCREE 
2003]. 
 
 
 
 
Figure 1.9 – Out-of-plane distortion at beam-brace connection in full-scale MRF-
BRBF experimental program (Phase 1, Test 1) conducted at the National Center for 
Research on Earthquake Engineering [Chen et al. 2004]. 
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Figure 1.10 – Stiffeners and out-of-plane braces installed at column-brace base 
connections in full-scale MRF-BRBF experimental program (after Phase 1, Test 4) 
conducted at the National Center for Research on Earthquake Engineering [Chen et al. 
2004]. 
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(a) 
 
 
(b) 
 
 
Figure 1.11 – Distortion of BRBs in full-scale MRF-BRBF experimental program 
(after Phase 1, Test 4) conducted at the National Center for Research on Earthquake 
Engineering [Chen et al. 2004]: (a) third story;(b) second story. 
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(a) 
 
 
 
(b) 
 
 
Figure 1.12 – Stiffeners added before Phase 2 of full-scale MRF-BRBF experimental 
program conducted at the National Center for Research on Earthquake Engineering 
[Chen et al. 2004]: (a) beam-column-brace connection;(b) beam-brace connection. 
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Figure 1.13 – Lateral braces added at third floor beams before Phase 2 of full-scale 
MRF-BRBF experimental program conducted at the National Center for Research on 
Earthquake Engineering [Chen et al. 2004]: (a) beam-column-brace connection;(b) 
beam-brace connection. 
 
 
 
 
Figure 1.14 – Subassembly test setup [Tsai et al. 2003b]. 
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Figure 1.15 – Out-of-plane distortion of BRB [Tsai et al. 2003b]. 
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Chapter 2 
Prototype Building Design 
 
2.1 General 
This chapter presents the design of the prototype building that was used as the basis 
for the analytical and experimental studies, presented subsequently in Chapters 3 to 5 
and 6 to 8, respectively.  The prototype building is assumed to be a typical office 
building located on stiff soil in Los Angeles, California.  Buckling-restrained braced 
frames (BRBFs) are the lateral-load-resisting system for the building.  A one-bay 
prototype frame was extracted from the prototype building and used as the focus for 
the analytical and experimental studies.  The design procedure was based on 
International Building Code 2000 (IBC 2000) [ICC 2000] and the AISC Seismic 
Provisions [AISC 2005a].  The design coefficients and factors, which were discussed 
in Chapter 1, used in the present study are the response modification coefficient, R, 
equal to 8, the system overstrength factor, Ω0, equal to 2, and the deflection 
amplification factor, Cd, equal to 5.5. 
 
As noted in Table 1.1, two sets of design coefficients are specified for the BRBF 
system when it is used alone to resist seismic loads.  The distinction between these 
two sets of coefficients is based on the types of beam-column connections.  As will be 
discussed later in this chapter, non-moment-resisting beam-column connections were 
used in the prototype BRBFs in the prototype building.  Although R = 7 is specified 
for this case by the AISC Seismic Provisions [2005a], R = 8 was used for the design of 
the prototype building.  A previous analytical study by Sabelli [2001], which is 
summarized in Table 1.4, demonstrated that the change in BRBF response between 
designs using R = 6 and R = 8 is minimal.  As a result, using a smaller value of R did 
not seem necessary.  In addition, one of the goals of this research program is to 
evaluate the current code provisions and design guidelines.  With this in mind, using 
the largest allowable value of R value was the best approach. 
 
2.2 Prototype Building Description 
2.2.1 Configuration 
The floor plan of the prototype building, as shown in Figure 2.1(a), is square in plan, 
180 feet by 180 feet, with columns spaced at 30 feet on center.  The floor plate area is 
32,400 square feet.  Lateral loads are resisted by a total of eight BRBFs, four in each 
direction.  The BRBFs are marked in Figure 2.1(a).  The prototype building is four 
stories tall and has one basement story.  Since office buildings typically include stories 
below grade, incorporating a basement story in the prototype building was the best 
method for accurately modeling the column boundary conditions at the ground level. 
 
The typical story height is 12.5 feet, except for the Story 1, which is 15 feet high.  
Figures 2.1(b) and 2.1(c) illustrate the frame elevations at the braced bays in the 
North-South and East-West directions, respectively.  As shown, a chevron brace 
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configuration is used in all locations.  The prototype BRBF, hereafter called the 
prototype frame, is defined to be one of the braced bays in the East-West direction.  
This choice was made to facilitate study of an isolated BRBF without the complication 
of considering interaction between adjacent braced bays.  Figure 2.2 shows an 
elevation of the prototype frame. 
 
The floor system for the prototype building is a composite concrete slab on metal deck 
supported by steel beams and girder.  The roof system is steel deck on beams and 
girders.  Both the floor and roof systems are assumed to act as rigid diaphragms that 
transfer the earthquake-induced inertial forces into the BRBFs.  At the ground level, 
the lateral forces accumulated in the BRBFs are transferred through the floor system 
into the foundation.   
 
2.2.2 Terminology 
As noted in Figure 2.1, the base of the structure is defined to be at the bottom of the 
basement where the columns are anchored.    The ground level is the lowest framing 
level in the prototype building and it corresponds to the exterior grade.  The floor 
levels are referred to as Level 1, Level 2, Level 3 and Level 4.  Story 1 is defined to be 
the story between Level 1 and the ground level.  Story x is defined to be the story 
between Level x and Level x-1, where x = 1, 2 and 3.  Level 4 is called the roof when 
discussing overall building drift (i.e., roof drift).  Base shear refers to the total lateral 
shear force in Story 1. 
 
2.2.3 Relationship to Test Frame 
Although a building designed with braced frames as its lateral-load-resisting system 
would typically have more stories than the prototype building, the prototype building 
height was limited to four stories due to laboratory constraints.  (See Chapters 6 and 7 
for detailed descriptions of the test frame and the experimental setup.)  A six-story 
prototype building was initially considered, but the options for the experimental 
program were less desirable.  To test all six stories at the ATLSS Center, Lehigh 
University, a scale factor less than 0.5 would have been required, and a scale factor 
this small was judged to be undesirable.  Another option considered was to test only 
the lower three stories of the six-story building and to simulate the loads from the 
upper stories.  However, this approach would have been difficult to implement owing 
to the need to superimpose variable axial loads on the test frame columns.  Ultimately, 
a four-story prototype frame tested at 3/5 scale presented the best opportunity to 
correlate analytical and experimental studies. 
 
2.3 Loads 
2.3.1 Gravity Load and Effective Seismic Weight 
In order to determine the prototype building’s effective seismic weight, W, as defined 
by IBC 2000 [ICC 2000], estimates of the building component dead loads were made.  
The dead loads used to calculate the floor and roof seismic weights are listed in Tables 
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2.1 and 2.2, respectively.  As noted in Table 2.1, the partition load is a live load, but is 
included in the seismic weight calculation [ICC 2000].  The office floor and roof unit 
weights used to calculate the seismic weight were 110 pounds per square foot and 80 
pounds per square foot, respectively.  For the seismic weight calculation only, the roof 
unit weight was increased above the value shown in Table 2.2 to account for possible 
future addition of a concrete roof slab.  Table 2.3 summarizes the office floor, roof and 
total building weights. 
 
The gravity loads used for the prototype building design, except for the calculation of 
effective seismic weight as noted above, are listed in Table 2.4.  The office floor live 
load is the minimum load specified by IBC 2000 plus the partition load.  Live load 
reduction was applied to the office floor loads as allowed by IBC 2000.  Roof live 
loads were conservatively considered to be the maximum required by IBC 2000 for 
standard roof conditions. 
 
2.3.2 Equivalent Lateral Force Procedure 
The IBC 2000 equivalent lateral force procedure was used to define the seismic loads 
for design of the prototype building.  As mentioned above, the prototype building has 
office occupancy, placing it in Seismic Use Group I, with an occupancy importance 
factor, IE, equal to 1.0.  The building is assumed to be located on stiff soil, which 
corresponds to site class D.  Since no specific site was defined for the prototype 
building, the deterministic limit on the maximum considered earthquake ground 
motion was used as the design basis.  This seismic input is defined by short period 
spectral response acceleration, SS, equal to 1.5g and spectral response acceleration at 
one second, S1, equal to 0.6g.  Based on these values of SS and S1, along with the site 
classification, the site coefficients Fa and FV are equal to 1.0 and 1.5, respectively.  
Thus, the deterministic limit on the maximum considered earthquake response 
spectrum, SaM, is defined as: 
 5.1SaM =   for T ≤ 0.6 seconds (2.1a) 
 
T
9.0SaM =   for T > 0.6 seconds (2.1b) 
where T is the period of the building.  Equations 2.1a and 2.1b are plotted in Figure 
2.3.  Knowing SaM, the design spectral response acceleration, Sa, is then defined at any 
period as: 
 aMa S3
2S =  (2.2) 
The design earthquake response spectrum defined by Equation 2.2 is plotted in Figure 
2.4.  From this response spectrum, the short period design spectral response 
acceleration, SDS, is determined to be 1.0g and the design spectral response 
acceleration at one second, SD1, is determined to be 0.6g. 
 
The Seismic Design Category is based on the Seismic Use Group and the value of S1.  
Since the prototype building is in Seismic Use Group I and S1 is greater than 0.5g but 
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less than 0.75g, it is classified in Seismic Design Category D.  The NEHRP 
Recommended Provisions [FEMA 2003] state that Seismic Design Category D 
compares roughly to California design practice for normal buildings away from major 
faults, excluding schools and hospitals.   
The seismic base shear, V, is defined to be: 
 WCV s=  (2.3) 
where Cs is the seismic response coefficient and W is the effective seismic weight of 
the structure as described above.  Cs is defined as: 
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However, for buildings in Seismic Design Category E or F, and for buildings for 
which S1 is equal to or greater than 0.6g, the minimum value of Cs is: 
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Equation 2.7 applies for the prototype building since S1 is equal to 0.6g.  Thus, 
Equations 2.4, 2.5 and 2.7 define Cs for the design of the prototype building.  A plot of 
Cs versus T is given in Figure 2.5. 
 
For the purpose of determining Cs, IBC 2000 places a limit on the fundamental period 
of the building.  This maxiumum fundamental period, Tmax, is defined to be: 
 aUmax TCT =  (2.8) 
where CU is the coefficient for the upper limit on the calculated period and Ta is the 
approximate fundamental period defined as: 
 4/3nTa hCT =  (2.9) 
CT is a building period coefficient that is based on structural system type and hn is the 
building height in feet.  Table 2.5 lists the values of CT given in IBC 2000 for various 
structural systems.  Since the BRBF system is not yet included in IBC 2000, a value 
for CT = 0.03 is provided in the AISC Seismic Provisions [2005a].  However, in the 
AISC Seismic Provisions, the variable Cr is used instead of CT.  As illustrated in 
Figure 2.1, hn is equal to 52.5 feet.  Thus, Ta is equal to 0.59 seconds for the prototype 
building. 
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Table 2.6 lists the values of the coefficient CU, determined by the value of SD1.  As 
noted earlier, SD1 is equal to 0.6g for the prototype, leading to a CU value of 1.2.  
Applying Equation 2.8 leads to a value of Tmax equal to 0.70 seconds.  This is the 
fundamental period that was used to determine the equivalent lateral forces for the 
prototype building since the calculated fundamental, or first mode, period, T1, of the 
building is 0.93 seconds (as discussed in Section 2.5), larger than Tmax.  This Tmax limit 
does not apply to calculations done to check compliance with drift design criteria, and 
the drift check may be performed using a set of equivalent lateral forces based on the 
calculated fundamental period.  However, due to the inherent stiffness of the BRBF 
system, the drift design criteria did not influence the prototype building design. 
 
The vertical distribution of the equivalent lateral forces is determined by applying a 
vertical distribution factor, Cvx, to the base shear, V.  The lateral force at level x, Fx, is 
defined as: 
 VCF vxx =  (2.10) 
The vertical distribution factor at level x is defined as: 
 
∑
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where: 
k = a distribution exponent related to the building period (Table 2.7), 
hi and hx = the height of level i and x, respectively, 
wi and wx = the effective seismic weight of level i and x, respectively, and 
n = the number of building levels. 
 
As noted in Table 2.3, the total effective seismic weight of the prototype building is 
13,284 kips.  With the seismic response coefficient, defined by Equation 2.5, equal to 
0.107, the design base shear for the prototype building is 1420 kips.  The vertical 
distribution of this base shear is listed in Table 2.8. 
 
2.3.3 Load Combinations 
Loading criteria and load combinations were determined by the requirements of IBC 
2000 [ICC 2000].  The four load combinations that were considered for design of the 
prototype building are: 
 GRAV1 = 1.2D + 1.6L + 0.5Lr (2.12) 
 GRAV2 = 1.2D + 0.5L + 1.6Lr (2.13) 
 EQ1 = 1.2D + 0.5L + 1.0E (2.14) 
 EQ2 = 0.9D + 1.0E (2.15) 
where: 
D = dead load effect (based on Table 2.4), 
L = live load effect (based on Table 2.4), 
Lr = roof live load effect (based on Table 2.4), and 
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E = seismic load effect. 
 
For the design of the prototype building, the maximum seismic load effect, Em, was 
conservatively used in load combinations EQ1 and EQ2.  This effect is defined as: 
 Em = Ω0QE ± 0.2SDSD (2.16) 
where QE is the effect of horizontal seismic forces and 0.2SDSD is the effect of vertical 
seismic forces.  When Em is introduced into the load combinations, the positive sign is 
used in Equation 2.14 and the negative sign is used in Equation 2.15.  Thus, 
substituting Equation 2.16 into Equations 2.14 and 2.15 yields: 
 EQ1 = (1.2 + 0.2SDS)D + 0.5L + Ω0QE (2.17) 
 EQ2 = (0.9 - 0.2SDS)D + Ω0QE (2.18) 
As noted above, SDS is equal to 1.0 for the prototype building and Ω0 is equal to 2 for 
the BRBF system, leading to further simplification of Equations 2.17 and 2.18: 
 EQ1 = 1.4D + 0.5L + 2.0QE (2.19) 
 EQ2 = 0.7D + 2.0QE (2.20) 
 
2.4 Elastic Analysis 
For the purpose of design, an elastic analysis was performed on a two-dimensional 
model of the prototype frame.  Due to the symmetry of the prototype building, the 
model was developed for one braced bay oriented in the East-West direction (Figure 
2.1).  This braced bay represents one-quarter of the lateral load resisting system in the 
East-West direction and, as mentioned above, is the prototype frame for the present 
study (Figure 2.2).  The educational version of the structural analysis program 
SAP2000 [CSI 1997] was used to model the prototype frame.  An elevation of the 
model is shown in Figure 2.6.  The analytical model was based on centerline 
dimensions and the boundary conditions were defined to be fixed at the column bases 
and restrained against lateral movement at the ground level.  Offsets at connection 
regions (due to gusset plates) were included in the model and the beams and braces 
were pinned at their ends. 
 
As shown in Figure 2.6, a fictitious column carrying the gravity loads of the gravity 
frames tributary to the prototype frame, termed the “lean-on column” since it is pinned 
at its base and provides no resistance to lateral loads, was included in the model to 
account for columns outside of the prototype frame.  The properties of this lean-on 
column were determined by summing the properties of the columns for one-quarter of 
the prototype building.  Gravity loads for the prototype frame were applied directly to 
the beams and columns in the frame, while gravity loads for the remaining one-quarter 
of the building were applied to the lean-on column.  The column nodes in the 
prototype frame were slaved to the lean-on column nodes at the respective floor levels, 
consistent with the assumption of a rigid floor diaphragm, and the equivalent lateral 
forces were applied to the lean-on column. 
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The lateral forces that were applied to the prototype frame are equal to one-quarter of 
the prototype building equivalent lateral forces (listed in Table 2.8), plus additional 
forces to account for torsional effects.  Due to symmetry of mass and stiffness, the 
centers of mass and stiffness are assumed to coincide and the prototype building has 
no torsion induced by the building configuration.  However, IBC 2000 specifies that 
for buildings with rigid diaphragms, an “accidental torsional moment” caused by 
eccentricity of the center of mass must be considered.  This eccentricity is defined to 
be five percent of the building dimension that is perpendicular to the direction of the 
applied forces.  Consideration of this torsional moment for the prototype building 
leads to equivalent lateral forces that are 7.5 percent greater than if the torsional effect 
was not considered.  The force effects due to the torsional moment were distributed by 
assuming that all eight braced frames in the building (see Figure 2.1) contribute 
equally to resisting the moment.  Table 2.9 lists the forces that were applied to the 
prototype frame. 
 
2.5 Member Design 
The beams and columns in the prototype frame are wide flange sections made of A992 
steel, which has a nominal yield stress of 50 ksi.  The beams and columns were 
designed based on criteria from the AISC Load and Resistance Factor Design (LRFD) 
Specification [AISC 2001] and the Seismic Provisions for Steel Buildings [AISC 
2002] published by the American Institute of Steel Construction.  The AISC LRFD 
interaction equations for axial force and moment were used: 
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where: 
Pu = the factored axial load in the member, 
Pn = the nominal axial load capacity of the member, 
φc = strength reduction factor for axial compression, 
Mu = the factored moment in the member, 
Mn = the nominal moment capacity of the member, 
φb = strength reduction factor for flexure 
 
Beams were assumed to be laterally braced at midspan and quarter points, while 
columns were assumed to be laterally braced at their bases, at the ground level and at 
all other levels.  The four load combinations described above were considered, 
although load combination EQ1 was typically the controlling combination.  
Unbalanced brace forces were also considered in the beam design by using the brace β 
and ω values discussed below.  The selected beam and column sizes are shown in 
Figure 2.7.  Some beams are larger than the minimum weight design so that the same 
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size beams could be used at multiple levels in an effort to replicate common design 
practice. 
 
The buckling-restrained braces (BRBs) were assumed to have core plates composed of 
A36 steel, which has a nominal yield stress of 36 ksi.  Since the actual yield stress of 
the steel plate used in the test frame BRB cores was known to be 46 ksi (see Chapter 
6), this actual yield stress value was used in the design of the prototype BRBs to 
facilitate correlation between experimental and analytical results.  The BRB design 
forces were determined using the prototype frame equivalent lateral forces (Table 2.9) 
acting alone.  The BRB yield forces were set equal to the design forces and the core 
areas were calculated based on the yield strength described above.  BRB yield forces 
and core areas are shown in Figure 2.7.  Through evaluation of isolated tests 
performed on the type of BRB used in the present research program [see Merritt et al. 
2003b], β and ω values of 1.2 and 1.44, respectively, were chosen for use in the 
design.  These values were based on the peak BRB maximum ductility demands 
attained in the brace tests.  Internal brace clearances were chosen to accommodate 
maximum ductility demands of at least 30.  Clearances of this magnitude was deemed 
necessary based on the mean plus one standard deviation demands reported by Sabelli 
[2001] for the MCE seismic input level. 
 
From the elastic analysis model using the beam, column and brace sizes, the 
fundamental period, T1, of the prototype structure was determined to be 0.93 seconds.  
Since T1 is greater than Tmax, the use of design loads based on Tmax is justified. 
 
2.6 Connection Design 
Connection design was not performed explicitly for the prototype frame.  Instead, the 
connections were designed and detailed for the reduced-scale test frame (see Chapter 
6) and then scaled up to the prototype frame level.  Specific information about the 
connection design approach is given in Chapter 6.  Figure 2.8 shows an elevation of 
the prototype frame that illustrates the types of connections used in the frame.  Beam 
stubs are welded to the columns in the shop, and the beams are then connected to these 
stubs in the field using a bolted beam splice with double structural tees as the 
connection elements.  This bolted beam splice consists of a pair of structural tees with 
their flanges bolted to the beam webs.  The intent of the detailing in the beam-column-
brace connection region is to develop the required axial force capacity while 
minimizing the connection moment demand.  This issue will be discussed more 
specifically in Chapter 6.  The beam gusset plates are shop welded to the beam bottom 
flanges, while the beam-column-brace gusset plates are field welded to the beam stubs 
and to the columns to allow for fit-up tolerances.  Before welding the gusset plates at 
the beam-column-brace joints, the braces are attached to these gusset plates and the 
beam gusset plates using pins.  The brace pinned end connections prevent moment 
from developing in the braces and help to minimize the demands on the gusset plates 
and other connection elements. 
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2.7 Prediction of Inelastic Demands Based on AISC Seismic Provisions 
As discussed in Chapter 1, the AISC Seismic Provisions [AISC 2005a] define a 
procedure for predicting the inelastic BRB force and deformation demands that will 
develop during a design-level seismic event.  Based on this procedure, which is 
described in Chapter 1, values of β, ω and μmax were calculated.  These predictions are 
listed in Table 2.10. 
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Table 2.1 – Floor loads used to calculate seismic weight. 
Item Description Unit weight (psf) 
Slab 3.5” lightweight concrete on 2” metal 
deck 
43 
Deck 2”-18 gage metal deck 3 
Ceiling Suspended acoustical tile 3 
Flooring Carpet 3 
Systems Mechanical, electrical, plumbing 10 
Fireproofing Spray-on cementitious 3 
Structure Columns, girders, beams, braces 15 
Cladding 25 psf on exterior walls 10 
Partitions* Code-prescribed loading 20 
Total  110 
* Partition loading is defined in the IBC 2000 as a live load, but must be included in 
the effective seismic weight calculation [ICC 2000]. 
 
 
Table 2.2 – Roof loads used to calculate seismic weight. 
 
Item Description Unit weight (psf) 
Deck 1.5” type B roof deck 3 
Finish Insulation and waterproofing 11 
Ceiling Suspended acoustical tile 3 
Systems Mechanical, electrical, plumbing 10 
Fireproofing Spray-on cementitious 3 
Structure Columns, girders, beams, braces 15 
Cladding 25 psf on exterior walls 5 
Total*  50 
* 80 psf was used for the calculation of roof seismic weight to allow for future 
addition of a concrete roof slab. 
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Table 2.3 – Prototype building seismic weight. 
 
Level Unit weight (psf) Weight (kips)* 
4 (roof) 80** 2,592 
3 110 3,564 
2 110 3,564 
1 110 3,564 
Total (effective seismic weight, W) - 13284 
* Calculated based on building area of 32,400 square feet. 
** Increased above design dead load to account for possible addition of concrete roof 
slab. 
 
 
Table 2.4 – Gravity loads used for design. 
 
Location Dead load (psf) Live load (psf) 
Office floor 90 70* 
Roof 50 20 
* 50 psf standard office floor live load plus 20 psf partition load [ICC 2000]. 
 
  
Table 2.5 – Building period coefficient [ICC 2000]. 
 
Building structural system  Coefficient CT 
Steel moment-resisting frames 0.035 
Concrete moment-resisting frames 0.030 
Steel eccentrically-braced frames 0.030 
All other 0.020 
 
 
Table 2.6 – Coefficient for upper limit on calculated period [ICC 2000]. 
 
Design spectral response acceleration 
at one second period, SD1  
Coefficient CU 
≥ 0.4 1.2 
0.3 1.3 
0.2 1.4 
0.15 1.5 
≤ 0.1 1.7 
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Table 2.7 – Exponent for vertical distribution of seismic forces [ICC 2000]. 
 
Fundamental period of building 
(seconds)  
k 
T ≤ 0.5 1 
T ≥ 2.5 2 
0.5 ≤ T ≤ 2.5 calculate by linear interpolation 
 
 
Table 2.8 – Equivalent lateral forces for prototype building. 
 
Level  Fx (kips)* 
4 (roof) 440 
3 475 
2 327 
1 178 
Total (base shear, V) 1420 
* Forces are based on Tmax.  
 
 
Table 2.9 – Equivalent lateral forces for prototype frame. 
 
Level  Force (kips)* 
4 (roof) 118 
3 128 
2 88 
1 48 
Total 382 
* Forces are one-quarter of those listed in Table 2.8 plus accidental torsional effects. 
 
 
Table 2.10 – BRB force and deformation predictions based on the AISC Seismic 
Provisions [2005]. 
 
Story μmax β ω βω 
4 9.2 1.18 1.50 1.77 
3 9.6 1.19 1.51 1.79 
2 9.6 1.19 1.51 1.80 
1 9.0 1.17 1.49 1.75 
Average 9.4 1.18 1.50 1.78 
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Figure 2.1 – Prototype building: (a) plan; (b) elevation at North-South braced bays; (c) 
elevation at East-West braced bays. 
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Figure 2.2 – Prototype frame elevation. 
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Figure 2.3 – Deterministic limit on maximum considered earthquake response 
spectrum [ICC 2000]. 
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Figure 2.4 – Design earthquake response spectrum [ICC 2000]. 
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Figure 2.5 – Seismic response coefficient vs. period. 
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Figure 2.6 – Prototype frame analytical model in SAP2000. 
 
 
 
 
Figure 2.7 – Prototype frame member sizes. 
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Figure 2.8 – Schematic elevation of prototype frame connection details. 
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Chapter 3 
Nonlinear Analytical Model of the Prototype Frame 
 
3.1 General 
This chapter describes the nonlinear analytical model of the prototype frame.  As 
discussed in Chapter 2, the prototype frame represents one-quarter of the lateral load 
resisting system for one direction in the prototype building (see Figure 3.1).  The 
nonlinear analytical model of the prototype frame was developed using the structural 
analysis program DRAIN-2DX [Prakash et al. 1993].  A brief summary of this 
program is provided below, followed by the description of the prototype frame model. 
 
3.2 DRAIN-2DX Summary 
DRAIN-2DX is a computer program that is capable of performing nonlinear static and 
dynamic analysis of two-dimensional structures.  A structure is modeled as an 
assembly of nodes connected by nonlinear elements.  Unless specified otherwise 
through constraints or boundary conditions, each node has three degrees of freedom 
(global translations, X and Y, and rotation, R, about the Z-axis as shown in Figure 
3.5).  The mass of the structure is lumped at the nodes, leading to a diagonal mass 
matrix.  The global tangent stiffness matrix for the structure is assembled from the 
element tangent stiffness matrices.  All element force-deformation relationships are 
multi-linear idealizations of the actual behavior.  Second-order effects are considered 
by including geometric stiffness effects in the element stiffness matrices and P-Δ 
effects in the element state determination procedures. 
  
3.2.1 Computational Procedures 
DRAIN-2DX uses the event-to-event solution strategy, where an event corresponds to 
a change in stiffness of an element.  The structure tangent stiffness matrix and the 
geometric stiffness matrix are modified after each event.  Event overshoot tolerances 
are specified for each element to reduce computational time.  These overshoot 
tolerances must be kept small enough to prevent large unbalanced loads and deviation 
from the equilibrium solution path. 
 
For dynamic analysis, DRAIN-2DX implements a step-by-step numerical integration 
scheme using Newmark’s method with constant average acceleration (CAA).  This is 
an implicit method, and from a numerical perspective, it is unconditionally stable.  
However, the integration time step, Δt, must be small enough to ensure adequate 
accuracy.  To evaluate the effect of time step variation on the accuracy of the 
response, a series of time-history analyses was conducted using the analytical model 
that is described later in this chapter.  The analyses were conducted using the 1994 
Northridge, Saticoy ground motion record scaled to the DBE seismic input level.  
Details about this ground motion record are contained in Chapter 5.  Analyses using 
time steps of 0.01 seconds and 0.005 seconds showed that the difference in maximum 
floor displacement response was 0.6% or less.  Based on this good agreement, an 
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integration time step of 0.01 seconds was chosen for the time history analyses.  This 
time step is 1/13 times the fourth mode period of the prototype building (see Table 
3.1). 
 
3.2.2 Damping 
DRAIN-2DX introduces damping into the structural model by constructing a viscous 
damping matrix, c, that is proportional to the nodal masses and the element stiffness 
matrices of the structure.  When uniform proportionality constants are used for all 
nodal masses and element stiffness matrices, this approach is called Rayleigh damping 
and it produces a damping matrix of the form: 
 c = αmm + βkk (3.1) 
where: 
αm = the mass-proportional damping coefficient, 
βk = the stiffness-proportional damping coefficient, 
m = the mass matrix of the structure, 
k = the stiffness matrix of the structure. 
 
The coefficients αm and βk are determined by choosing damping ratios for specified 
modes.  Although DRAIN-2DX allows αm and βk values to vary between masses and 
elements, respectively, uniform αm and βk values were used for the model of the 
prototype frame. 
 
As described by Chopra [1995], the coefficients αm and βk are determined by selecting 
i-th and j-th mode damping ratios, ζi and ζj, respectively, and solving: 
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where ωi and ωj are the i-th and j-th mode frequencies, respectively.  When the modal 
damping ratios are set equal to each other (ζi = ζj = ζ), Equation 3.2 reduces to: 
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After αm and βk have been determined, the n-th mode damping ratio, ζn, may be 
calculated as: 
 nk
n
m
n 2
1
2
ωβ+ω
α=ζ  (3.4) 
For the prototype frame, a damping ratio, ζ, of two percent was selected for the first 
and third modes.  This choice also leads to reasonable damping ratios for the second 
and fourth modes (see Table 3.1). 
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3.3 Prototype Frame Model 
3.3.1 Gravity Loads 
Gravity loads for the prototype frame were calculated based on the dead loads listed in 
Table 2.4, including partitions for office floors, and 25 percent of the live loads.  Load 
factors were not used.  Loads were applied to the beams and columns of the prototype 
frame based on tributary area.  The remaining gravity loads for the portion of the 
building associated with the prototype frame (one-quarter of the total floor area as 
shown in Figure 3.1) were applied to the lean-on column. 
 
3.3.2 Lean-on Column and Global Second-Order (P-Δ) Effects 
A lean-on column is included in the prototype frame analytical model to account for 
global second-order (P-Δ) effects and the strength and stiffness of gravity-carrying 
columns and columns in the transverse-oriented braced frames that are not part of the 
prototype frame.  Lumped-plasticity beam-column elements were used to model the 
lean-on column.  The properties of the lean-on column were calculated by summing 
the axial and flexural properties of the gravity load columns.  These aggregate 
properties were used to define moment-axial force interaction surfaces of the form 
prescribed by the AISC LRFD Specification [AISC 2001] (see Equation 2.21).  The 
lean-on column was modeled as pin-supported at ground level and continuous over the 
height of the frame.  The gravity loads applied to the lean-on column introduce P-Δ 
effects into the model. 
 
3.3.3 Mass and Inertial Force Transfer 
The total mass, m, for the prototype building is equal to the effective seismic weight, 
W, as defined in Section 2.3.1, divided by the acceleration of gravity, g.  Since the 
prototype frame is one-quarter of the lateral load resisting system for the building, the 
mass attributed to the prototype frame is m divided by four.  The masses for each level 
of the prototype frame are listed in Table 3.2. 
 
In the analytical model, the masses are assigned to the nodes of the lean-on column 
model.  At each level, the column nodes at the centerline of the beam-column joints 
are slaved to the corresponding node of the lean-on column (see Figure 3.2).  The 
lean-on column master nodes are the nodes to which the masses are assigned.  This 
slaving models the effect of the assumed rigid floor diaphragm and transfers inertial 
force from the lean-on column into the frame.  In this way, all of the inertial forces are 
introduced into the frame at the beam-column joints.  For an actual building, a small 
amount of inertial force would be transferred into the frame through the beams of the 
braced bay.  However, this effect is neglected in the analytical model since the 
majority of the inertial forces are transferred into the braced frame through collector 
elements that frame into the columns (see Figure 3.1). 
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3.3.4 Buckling-Restrained Brace Modeling 
As previously illustrated in Figure 1.2, buckling-restrained braces (BRBs) exhibit both 
kinematic and isotropic hardening when subjected to cyclic loading.  Kinematic 
hardening is the positive post-yield stiffness, and isotropic hardening is the expansion 
of the hysteresis loops under cycling loading.  In order to accurately model BRBs, 
both of these hardening components should be included in the analytical model.  Since 
BRBs are primarily axial load members, the inelastic truss bar element (ITBE) in 
DRAIN-2DX [Prakash et al. 1993] was used to model them.  However, the ITBE 
available in DRAIN-2DX includes kinematic hardening but not isotropic hardening.  
As a result, the ITBE in DRAIN-2DX was modified to include isotropic hardening.  A 
brief description of the element modifications is given below.  Further details are 
contained in a separate report [Fahnestock et al. 2004]. 
 
3.3.4.1 Isotropic Hardening Model 
The isotropic hardening rule adopted for the modified element allows for the ITBE 
yield strengths to be controlled by two deformation parameters: (1) maximum 
deformation and (2) cumulative plastic deformation.  The hardening rule uses 
exponential functions that lead to decaying hardening rates as the controlling 
deformation parameters increase.  The form of the hardening rule is based on 
analytical work by Ricles and Popov [1987] to model isotropic hardening of shear 
links in steel eccentrically braced frames (EBFs).  The EBF isotropic hardening rule 
used cumulative plastic deformation as the single controlling deformation parameter.  
The use of two parameters in the ITBE isotropic hardening rule allows for the 
parameters to be used individually, or in combination.  Since the ITBE model allows 
different yield strengths in tension and compression, tension and compression 
hardening parameters are also specified separately.  Figure 3.3 illustrates the overall 
behavior of the isotropic hardening rule under a partial cycle of loading. 
 
The hardening rule is used to update the yield force when the ITBE begins to unload 
elastically, after yielding in a given direction.  This means that the tension (positive) 
yield force is updated when the ITBE is in compression and its incremental 
deformation changes from negative to positive (see point 2 on Figure 3.3).  As a result, 
the expression for isotropic hardening of the positive yield force is controlled by the 
cumulative plastic deformation and/or the maximum negative deformation.  The 
expression defining the new positive (tension) yield force due to isotropic hardening, 
Pyp,IH, is: 
⎢⎢⎣
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where: 
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Pyp,max = the maximum positive yield force for the fully saturated isotropic hardening 
condition, 
Pyp,o = the initial positive yield force before isotropic hardening, 
αp = parameter that controls the positive yield force hardening rate due to cumulative 
plastic deformation, 
βp = parameter that controls the positive yield force hardening rate due to maximum 
deformation, 
γp = weighting parameter for positive yield force hardening, 
Δyn = negative yield deformation, 
Δmax,n = maximum negative deformation, ∑Δ plastic  = cumulative plastic deformation. 
 
Similarly, the expression defining the magnitude of the new negative (compression) 
yield force due to isotropic hardening, Pyn,IH, is: 
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where: 
Pyn,max = the maximum negative yield force for the fully saturated isotropic hardening 
condition, 
Pyn,o = the initial negative yield force before isotropic hardening, 
αn = parameter that controls the negative yield force hardening rate due to cumulative 
plastic deformation, 
βn = parameter that controls the negative yield force hardening rate due to maximum 
deformation, 
γn = weighting parameter for negative yield force hardening, 
Δyp = positive yield deformation, 
Δmax,p = maximum positive deformation. 
 
3.3.4.2 Buckling-Restrained Brace Model Calibration 
To implement the isotropic hardening model described in the previous section, 
experimental data from isolated BRB tests are required to determine representative 
parameters.  Through regression analysis of the BRB test data, appropriate isotropic 
hardening parameters can be determined.  These parameters can then be used to model 
similar BRBs. 
 
In the present study, experimental data from three BRB tests conducted by Merritt et 
al. [2003b] were used to determine representative parameters for the BRB hardening 
model.  These BRB tests used a symmetric cyclic loading history.  The cyclic loading 
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history for these tests is listed in Table 3.3.  It should be noted that deformation levels 
beyond those listed in Table 3.3 were explored in the experimental program.  
However, these data were not used to calibrate the hardening model since strength 
increases due to factors other than material behavior were observed.  The initial yield 
forces, Pyp,o and Pyn,o, were based on the BRB test data.  The initial positive and 
negative yield forces from the BRB test data were very similar and were defined to be 
the same in the calibrated model.  The saturated yield forces, Pyp,max and Pyn,max, and 
hardening parameters α, β, and γ (positive and negative) were determined through 
regression analysis of the BRB test data.  Specifically, these parameters were obtained 
by minimizing the squared error between the BRB test data and the analytical 
expressions describing the isotropic hardening behavior.  This error minimization was 
performed using discrete data points from the end of each half cycle of loading.  For a 
given state, the error function was obtained as the difference between the experimental 
data point and the hardening expression evaluated at the current deformation state.  
The minimization procedure was performed numerically using the solver function in 
Microsoft Excel. 
 
The hardening parameters that were calculated for Specimens 1, 2 and 3 tested by 
Merritt et al. [2003b] are listed in Table 3.4.  As indicated in Table 3.4, the regression 
analysis of results for these specimens returned values of zero for both γp and γn, 
indicating that the isotropic hardening behavior of these BRBs is best described by 
using cumulative plastic deformation as the controlling deformation parameter.  
However, other BRBs may be more accurately modeled by using a combination of 
both deformation parameters (maximum deformation and cumulative plastic 
deformation). 
 
It is important to note that for symmetric cyclic loading with increasing amplitude, the 
cumulative plastic deformation and maximum deformation effects are more closely 
correlated than for more general loading conditions.  As a result, other values may be 
calculated for the isotropic hardening parameters depending upon the cyclic loading 
history of the test that provides the data for the model calibration.  The goal of the 
BRB hardening model calibration is not a precise replication of the hardening 
behavior for a specific cyclic test, but rather a good overall representation of the BRB 
strength increase from isotropic hardening. 
 
Figure 3.4 compares experimental data for Specimens 1, 2 and 3 [Merritt et al. 2003b] 
with simulations of the tests using BRB models based on the modified DRAIN-2DX 
ITBE.  The model uses two parallel ITBEs to create tri-linear force-deformation 
relationships that more closely capture the Bauschinger effect exhibited in BRB cyclic 
behavior.  The parallel components were used to more accurately capture the shape of 
the post-yielding portion of the BRB force-deformation response.  However, the 
overall hardening effects in the BRB model were not affected since the same 
hardening parameters were used for both model components. 
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While the analytical models do not exactly replicate the experimental data, the overall 
strength increases due to isotropic hardening are adequately represented.  As indicated 
in Figure 3.4, the negative yield forces increase more rapidly than the positive yield 
forces.  This phenomenon is due to partial transverse confinement of the steel core 
when the BRB is in compression.  The confinement of the core increases the effective 
material yield stress. 
 
To model the isotropic hardening behavior of the prototype frame BRBs, the average 
values of the hardening parameters obtained from the experimental data described 
above were used.  These values are listed in Table 3.4 along with the parameters 
calculated from the experimental data. 
 
3.3.5 Beam and Column Modeling 
Beams and columns were modeled using the fiber element in DRAIN-2DX.  The 
columns in each story were divided into three elements and the beams in each bay 
were divided into six elements (Figure 3.5).  Each element is typically composed of 
four segments along the length and twelve fibers through the depth.  As discussed in 
Chapter 2, both beams and columns are composed of A992 steel, which has a nominal 
yield stress of 50 ksi.  The material properties used in the analytical model were based 
on a survey by Dexter et al. [2000], which reported a mean yield stress of 55.8 ksi and 
a mean ultimate stress of 73.3 ksi for both flanges and webs of beams and columns.   
A value of 29,000 ksi was used for the steel modulus of elasticity, Es.  Figure 3.6 
illustrates the multi-linear relationship that was used to approximate the behavior of 
A992 steel in the DRAIN-2DX model. 
 
3.3.6 Connection Modeling 
As illustrated in Figure 2.8, a typical beam column connection consists of a beam stub 
welded to the column.  The beam-column-brace gusset plate is welded to the column 
and beam stub and the beam is bolted to the beam stub.  Due to the panel zone rigidity 
created by this connection arrangement, panel zone flexibility was not included in the 
analytical model.  The gusset plates at the beam-column-brace and beam-brace 
connections were modeled using elastic beam-column elements.  These elements were 
not intended to accurately model the gusset plates, but to allow the braces and the 
locations of their pinned connections to be modeled properly.  Increased stiffness due 
to the presence of the gusset plates was included by adding fibers, which model the 
gusset plate regions, to the beam and column elements.  At the locations where double 
angles or double structural tees connect beams to columns or beam stubs, the end 
segments of the beams were modified to account for the reduced section properties of 
the connection elements.  Since the slip behavior of the bolted beam splice 
connections was not known, the bolts were assumed to experience no slip.  Although it 
is expected that bolt slip will occur in this type of connection, some flexural resistance 
will also develop.  Thus, the best approach was to use the case that created the greatest 
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moment capacity at the splice.  This modeling approach is discussed further in Chapter 
9. 
 
3.3.7 Dynamic Properties 
An eigenvalue analysis was conducted for the prototype frame to determine the mode 
shapes and natural periods.  The mode shapes are illustrated in Figure 3.7.  As 
mentioned above, the natural periods are listed in Table 3.1.  Also listed in this table 
are the damping ratios for each mode.  As discussed in Section 3.2.2, the damping 
ratio of two percent was selected for the first and third modes.  The resulting damping 
ratios for the second and fourth modes are also reasonable. 
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Table 3.1 – Periods and modal damping ratios for the prototype frame. 
 
Mode Period (seconds) Damping ratio (%) 
1 0.87 2.0 
2 0.33 1.6 
3 0.20 2.0 
4 0.13 2.6 
 
 
Table 3.2 – Mass for the prototype frame. 
 
Level  Mass (kip-s2/in) 
4 (roof) 1.68 
3 2.31 
2 2.31 
1 2.31 
Total 8.61 
 
 
Table 3.3 – Cyclic loading history of tests used for calibration [Merritt et al. 2003a]. 
 
Number of Cycles Multiple of yield displacement 
6 1 
4 2.5 
4 5 
2 7.5 
1 5 
5 10 
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Table 3.4 – Isotropic hardening control parameters. 
 
Specimen 
Number* 
 Py,max /Py αp or αn β p or βn γ p or γn 
positive 1.4 0.0058 0 0 1 
negative 1.5 0.017 0 0 
positive 1.3 0.0064 0 0 2 negative 1.6 0.013 0 0 
positive 1.3 0.0070 0 0 3 negative 1.6 0.0086 0 0 
positive 1.3 0.0064 0 0 Average 
negative 1.6 0.013 0 0 
*Merritt et al. [2003b] 
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Figure 3.1 – Tributary area and inertial force transfer for prototype frame. 
 
 
 
 
Figure 3.2 – Mass assignment, gravity loads and nodal slaving. 
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Figure 3.3 – Isotropic hardening behavior implemented in DRAIN-2DX ITBE. 
 67
 
 
Figure 3.4 – Experimental (adapted from Merritt et al. [2003b]) and analytical (using 
modified DRAIN-2DX ITBE) BRB cyclic behavior: (a) Specimen 1; (b) DRAIN-2DX 
model of Specimen 1; (c) Specimen 2; (d) DRAIN-2DX model of Specimen 2; (e) 
Specimen 3; (f) DRAIN-2DX model of Specimen 3. 
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Figure 3.5 – Schematic elevation of prototype frame analytical model. 
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Figure 3.6 – Comparison of typical stress-strain properties for A992 steel with multi-
linear idealization used in analytical model. 
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Figure 3.7 – Prototype frame mode shapes: (a) mode 1; (b) mode 2; (c) mode 3; (d) 
mode 4. 
Chapter 4 
Static Pushover Analyses 
 
4.1 Introduction 
Contained in this chapter is a description of the static pushover analyses performed 
using the prototype frame nonlinear analytical model, which was described in Chapter 
3.  In a static pushover analysis, a load profile is specified so that the story forces are 
proportional while the force magnitudes are incrementally increased.  For the analyses 
presented in this chapter, tributary gravity loads were first applied to the frame and 
then the displacement control feature of DRAIN-2DX [Prakash et al. 1993] was used 
to push the frame to a maximum roof drift of 0.03 radians.  The roof drift is defined 
as: 
 
H
roof
roof
Δ=θ  (4.1) 
where Δroof is equal to the roof lateral displacement and H is equal to the total building 
height above ground.  For the prototype building, H = 52.5 feet.  The target roof drift 
of 0.03 radians was chosen since it is the roof drift response limit for the prototype 
frame under the maximum considered earthquake (MCE) seismic input.  This response 
limit is discussed in Chapter 5 in the context of limit states, response limits and 
performance objectives. 
 
Static pushover analyses were conducted to evaluate global frame response and 
ductility demands.  In particular, global and local ductility demands are evaluated and 
compared.  The evaluation results demonstrate how the concentration of inelastic 
deformation in the most critical story of a BRBF leads to local story ductility demand 
that exceeds the global ductility demand.  The sequence of limit state development is 
also examined and related to global behavior.  A variation in load profile is studied 
and is shown to affect system response. 
 
4.2 Load Profiles 
Two load profiles were used to perform the static pushover analyses of the prototype 
frame.  These profiles are named the IBC profile and the uniform profile.  Both 
profiles consist of four horizontal forces, with one force applied at each floor level.  
As the name implies, the IBC profile is defined by the design forces specified in the 
IBC 2000 [ICC 2000] equivalent lateral force procedure.  The uniform profile is 
simply composed of equal forces at all floor levels.  Both load profiles are illustrated 
in Figure 4.1.  In addition, the load profiles are described in Table 4.1 in terms of 
percentage of total base shear applied at each floor level. 
 
The IBC load profile was used since it is the design force profile and it approximates 
the inertial forces that would develop due to response in the first mode.  The uniform 
load profile was used to approximate the inertial forces that could develop if inelastic 
deformations became concentrated in Story 1.  Structural seismic response is highly 
 71
variable and dependent upon the input ground motion, and static pushover analyses 
with multiple force profiles are a simplistic means of considering the range of 
potential dynamic response. 
 
4.3 Global Response 
Pushover curves, plotting base shear, Vbase, versus roof drift, for both load profiles are 
shown in Figure 4.2.  A second set of normalized pushover curves are plotted in 
Figure 4.3.  In the normalized pushover curves, roof drift has been normalized by its 
yield value, θroof,y.  For this purpose, the yield roof drift is defined as the roof drift at 
which the first brace yields.  The θroof,y values for the two load profiles are very close 
to each other and will be considered nominally the same, equal to 0.0021 radians.  For 
the IBC load profile, the yield base shear, Vbase,y,  is 356 kips while for the uniform 
load profile, Vbase,y is 410 kips.  The primary response quantities for both pushover 
analyses are presented in Table 4.2. 
 
As mentioned above, load was applied incrementally until a roof drift of 0.03 radians 
was achieved, equivalent to a global roof drift ductility demand, μroof, of 14.5 as 
illustrated in Figure 4.3.  The roof drift ductility demand is defined as: 
 
y,roof
max,roof
roof θ
θ=μ  (4.2) 
where θroof,max is the maximum roof drift for the analysis being considered. 
 
Figures 4.2 and 4.3 illustrate a significant difference between the responses under the 
two load profiles: namely, the frame carries larger base shear when it is loaded with 
the uniform load profile.  At a roof drift of 0.03 radians, the frame base shear under 
the uniform load profile is 573 kips, while under the IBC load profile it is 506 kips.  
This difference in base shear is a result of the load profile characteristics.  In the IBC 
load profile, the centroid of the load profile is located higher on the frame than in the 
uniform load profile.  As shown in Table 4.1, nearly 65% of the base shear is applied 
at the top two floor levels in the IBC profile, while only 50% is applied at the top two 
floor levels in the uniform profile.  As a result, the upper stories are less critical and do 
not control the frame capacity as early as they do under the IBC profile.  This 
difference in response is best illustrated by examining the sequence of significant limit 
states that occur in the frame. 
 
4.3.1 Limit State Sequence 
The primary limit states that define the response of the prototype frame under lateral 
loading are yielding of the braces and yielding of the columns at the ground level.  The 
sequence of yielding for both load profiles is listed in Table 4.3 and illustrated 
graphically on pushover curves in Figures 4.4 and 4.5.  Since the IBC load profile was 
used in the frame design, the brace yielding events under this load profile are closely 
grouped together, as shown in Figure 4.4.  In contrast, Figure 4.5 illustrates that the 
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brace yielding events under the uniform load profile occur over a wider range of roof 
drift.  For both load profiles, the gravity load applied to the beams in the frame causes 
the compression brace in a given story to yield before the tension brace in the same 
story.  As discussed in Chapter 2, the braces were designed under lateral load only.  
Thus, the addition of gravity loads leads to earlier yielding of the compression brace. 
 
As described in Table 4.3, for the uniform load profile the Story 1 compression brace 
yields first, followed by the Story 2 compression brace and then the Story 1 and Story 
2 tension braces.  Next the Story 3 compression and tension braces yield, followed by 
the Story 4 braces in the same order.  For the IBC load profile, the brace yielding 
sequence is Story 2 through Story 4 compression braces, Story 1 compression brace, 
Story 2 through Story 4 tension braces and finally Story 1 tension brace.  The earlier 
yield of the lower story braces under the uniform load profile causes these braces to 
strain harden before the upper story braces yield.  Thus, the frame carries a larger base 
shear at the same roof drift under the uniform load profile. 
 
After all of the braces have yielded, the remaining significant limit state for the frame 
is column yielding at the ground level.  As illustrated in Figure 4.5, the base shear 
capacity of the frame under the uniform load profile reaches a plateau after both 
columns have yielded at the ground level.  Under the IBC load profile, only the 
column under compression yields at the ground level before a roof drift of 0.03 radians 
is reached and the base shear capacity is still trending slightly upward at this roof drift.  
If the IBC load profile analysis is carried past a roof drift of 0.03 radians, the tension 
column yields and a maximum base shear of 508 kips is reached at a roof drift of 
0.034 radians. 
 
4.3.2 System Overstrength 
When designing a structure for earthquake loading using elastic analysis and the 
equivalent lateral force method, an important design parameter is system overstrength.  
The system overstrength factor, Ω0, accounts for post-yielding strength increase, 
which cannot be captured using elastic analysis tools.  The recommended system 
overstrength factor for the prototype BRBF system considered in this study is 2 [AISC 
2005a].  As described in Chapter 2, the design base shear for the prototype frame is 
382 kips.  Thus, the system overstrength, relative to the design strength, at a roof drift 
of 0.03 radians is 1.32 under the IBC load profile and 1.50 under the uniform load 
profile.  These analyses indicate that the recommended system overstrength factor of 2 
seems reasonable for BRBF systems similar to the one being considered in the present 
study.  However, monotonic static pushover analyses do not account for the strength 
increase that will arise from hardening of the BRBs.  In addition, dynamic effects, 
such the influence of higher modes and concentrations of story drift, are not captured 
by static pushover analyses.  As a result, further evaluation of the system overstrength 
factor is required through nonlinear time-history analyses. 
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A second overstrength quantity of interest is the ratio between maximum base shear 
and yield base shear.  This quantity is similar for both load profiles and is equal to 
1.42 for the IBC load profile and 1.40 for the uniform load profile.  This ratio provides 
an approximate measure of the global strain hardening, or post-yield strength increase, 
that the BRBF system develops.  However, it is only an approximation since under 
actual seismic loading the inertial force profile is not fixed, but changes during the 
earthquake. 
 
4.3.3 Drift and Ductility Demands 
The most significant response quantities for evaluating seismic performance of the 
BRBF system are story drift and BRB maximum ductility demand, μmax, which is 
defined as the absolute maximum BRB deformation divided by the BRB yield 
deformation.  Story drift, for story x, is defined as: 
 
sx
1xx
x,story h
−Δ−Δ=θ  (4.3) 
where: 
Δx = displacement of floor level x,  
Δx-1 = displacement of floor level x-1, 
hsx = story height between floor levels x and x-1. 
 
For a roof drift of 0.03 radians, Figures 4.6 and 4.7 plot floor displacement and story 
drift profiles, respectively.  For the IBC load profile, the story drifts are similar for the 
upper three stories, between 0.03 and 0.035 radians, while the Story 1 drift is much 
smaller, around 0.02 radians.  This reduced Story 1 drift, also observed under the 
uniform load profile, is a result of the stiffness and strength of the column in the first 
story.  As indicated in Figure 2.7, a column splice is located in Story 2 and the 
significant increase in column size in Story 1 leads to the story drift reduction. 
 
The story drifts under the uniform load profile are larger than those under the IBC load 
profile in the first two stories and smaller in the upper two stories.  This shift in story 
drift demand is caused by the earlier yielding of the lower story braces and delayed 
yielding of upper story braces under the uniform load profile.  Table 4.4 compares 
story drifts at a roof drift of 0.03 radians for the IBC and uniform load profiles. 
 
Owing to the kinematics of the BRBF system, story drift and BRB maximum ductility 
demand are proportional. This relationship is illustrated in Figures 4.7 and 4.8 through 
the similarity in shape between story drift and BRB maximum ductility demand 
profiles.  Thus, the braces that yield earliest tend to experience larger maximum 
ductility demands and the corresponding stories experience larger story drifts.  
Conversely, the braces that yield later experience smaller maximum ductility demands 
and the corresponding stories experience smaller story drifts.  This trend is observed in 
Tables 4.5 and 4.6, where brace ductility demands are listed for the IBC and uniform 
load profiles, respectively.  Brace maximum ductility demand comparisons can also be 
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made through the brace force-deformation plots in Figures 4.9 and 4.10.  Brace forces 
are plotted versus their normalized axial deformations. 
 
The difference in story drifts and brace maximum ductility demands between the two 
load profiles is most pronounced at Stories 1 and 4.  In Story 4, the story drift 
decreases by over 25% from the IBC to the uniform load profile, while in Story 1, the 
story drift increases by 38% from the IBC to the uniform load profile. 
  
Although the maximum roof drift is 0.03 radians for both pushover analyses, story 
drifts larger than 0.03 radians develop in both cases.  For the IBC load profile, the 
maximum story drift is 0.036 radians, in Story 3, while for the uniform load profile the 
maximum story drift is 0.037, in Story 2.  This comparison shows that the local 
ductility demands are always larger than the global ductility demands.  As mentioned 
above, the global roof drift ductility demand at a roof drift of 0.03 is 14.5.  Under the 
IBC and uniform load profiles, the largest BRB maximum ductility demands at a roof 
drift of 0.03 are 21.0 and 20.9, respectively.  Thus, for the BRBF system, local BRB 
maximum ductility demand can be on the order of 50% greater than global roof drift 
ductility demand. 
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Table 4.1 – Pushover analysis applied story force distribution. 
 
Proportion of total base shear applied at each level (%) Level 
IBC load profile Uniform load profile 
4 31.3 25.0 
3 33.2 25.0 
2 22.9 25.0 
1 12.6 25.0 
 
 
Table 4.2 – Pushover analysis response data. 
 
Load 
profile 
Yield roof drift 
(radians) 
Yield base shear 
(kips) 
Base shear at roof drift = 
0.03 radians 
(kips) 
IBC 0.0021 356 506 
Uniform 0.0021 410 573 
 
 
Table 4.3 – Pushover analysis yielding sequence. 
 
Sequence # IBC load profile Uniform load profile 
1 Story 2 , BRB compression Story 1, BRB compression 
2 Story 3, BRB compression Story 2, BRB compression 
3 Story 4, BRB compression Story 1, BRB tension 
4 Story 1, BRB compression Story 2, BRB tension 
5 Story 2, BRB tension Story 3, BRB compression 
6 Story 3, BRB tension Story 3, BRB tension 
7 Story 4, BRB tension Story 4, BRB compression 
8 Story 1, BRB tension Story 4, BRB tension 
9 Column ground, compression Column ground, 
compression 
10 - Column ground, tension 
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Table 4.4 – Story drifts at a roof drift of 0.03 radians. 
 
Story drift (radians) Story 
IBC load profile Uniform load profile 
4 0.031 0.023 
3 0.036 0.031 
2 0.034 0.037 
1 0.021 0.029 
 
 
Table 4.5 – Brace maximum ductility demand data for IBC load profile at a roof drift 
of 0.03 radians. 
 
Story Brace maximum ductility 
demand – tension 
Brace maximum ductility 
demand – compression 
4 18.0 18.3 
3 20.4 21.0 
2 18.5 19.2 
1 10.5 11.3 
 
 
Table 4.6 – Brace maximum ductility demand data for uniform load profile at a roof 
drift of 0.03 radians. 
 
Story Brace maximum ductility 
demand – tension 
Brace maximum ductility 
demand – compression 
4 13.2 13.6 
3 17.6 18.3 
2 20.2 20.9 
1 14.3 15.2 
 77
 
 
Figure 4.1 – Static pushover load profiles: (a) IBC; (b) uniform. 
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Figure 4.2 – Static pushover curves. 
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Figure 4.3 – Normalized static pushover curves. 
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Figure 4.4 – Yielding sequence for IBC load profile. 
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Figure 4.5 – Yielding sequence for uniform load profile. 
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Figure 4.6 – Floor displacement profiles at a roof drift of 0.03 radians. 
 
 81
0100
200
300
400
500
600
700
0 0.02 0.04
Story drift (radians)
H
ei
gh
t (
in
)
IBC Uniform
 
 
Figure 4.7 – Story drift profiles at a roof drift of 0.03 radians. 
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Figure 4.8 – Brace maximum ductility demand profiles at roof drift of 0.03 radians.
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Figure 4.9 – BRB force (tension) vs. normalized deformation under the IBC load 
profile. 
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Figure 4.10 – BRB force (tension) vs. normalized deformation under the uniform load 
profile. 
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Chapter 5 
Time-History Analyses 
 
5.1 Introduction 
This chapter describes the time-history analyses performed using the prototype frame 
nonlinear analytical model, which was described in Chapter 3.  A revision to the 
model is introduced based on experimental observations, which are described in 
Chapter 8.  The primary objective of these analyses was to evaluate the performance 
of the prototype frame, designed using the code-prescribed procedure outlined in 
Chapter 2, when subjected to ground motion records scaled to two seismic input 
levels: the design basis earthquake (DBE) and the maximum considered earthquake 
(MCE).  The DBE and MCE are defined later in the present chapter.  Results from the 
time-history analyses are presented statistically to account for the variability in the 
prototype frame response to multiple input ground motions with a wide range of 
spectral characteristics.   
 
5.2 Ground Motion Records 
5.2.1 Ground Motion Record Selection 
Sixteen ground motion records were selected for use in the present study.  Of this 
group, fifteen are records from natural earthquakes, while one is an artificial record.  
The artificial ground motion record was generated to be compatible with the IBC 2000 
[ICC 2000] design spectrum and its peak ground acceleration (PGA) is 0.399g 
[Garlock 2002].  Figures 5.1(a), (b) and (c) show ground acceleration, velocity and 
displacement time histories, respectively, for the artificial ground motion.  Figure 5.2 
plots the 5%-damped pseudo-acceleration response spectrum for the artificial ground 
motion. 
 
The natural ground motion records used in the present study were selected from the 
Pacific Earthquake Engineering Research (PEER) Center strong motion database 
[PEER 2000] and from the SAC suites of earthquake ground motions [SAC 1997].  
The ground motion records needed to meet three conditions for selection: 
1. Recorded at a site with soil type D, per IBC 2000 classification, 
2. Magnitude, M, greater than 6.5, 
3. Cut-off frequency for the low-cut filter used for the ground motion record 
processing, by the record provider, not greater than 0.1 Hz for reasons 
explained by Seo [2005]. 
 
Table 5.1 lists characteristic information for the eleven records selected from the 
PEER Center database, including magnitude, distance to the epicenter (RE), and peak 
ground acceleration.  Figures 5.3 to 5.13 show the ground acceleration, ground 
velocity and ground displacement time histories for the selected records.  The plotted 
time histories are unscaled.  As illustrated in Figure 5.14, which plots the 5%-damped 
pseudo-acceleration response spectra for these ground motions, records were chosen 
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with a wide variety of spectral shapes in order to evaluate building performance for a 
range of natural ground motions.  These spectra are for the ground motions scaled to 
the DBE seismic input level using the procedure described in the next section. 
 
Four ground motion records were chosen from the SAC suites of ground motions 
since these records have been widely used in time-history analysis of steel structures 
and provide useful points of comparison.  These records, which are all SAC p45 
components, were also recommended by Deierlein [1997] as benchmark ground 
motions for use in the U.S.-Japan Cooperative Research Program.  The SAC suites of 
ground motion records are designated to represent the expected seismic hazards at 
various U.S. sites.  Two of the ground motion records used for the present study, Kobe 
and Tabas, were from the Los Angeles suite and two, Miyagi-ken-oki and Valparaiso, 
were from the Seattle suite.  The basic information for these ground motion records is 
contained in Table 5.2.  The Kobe and Tabas ground motions records are both near-
field records.  Figures 5.15 to 5.18 show the unscaled ground acceleration, ground 
velocity and ground displacement time histories for the selected SAC ground motion 
records used in the present study.  Figure 5.19 plots the 5%-damped pseudo-
acceleration response spectra for these ground motion records, which have been scaled 
to the MCE seismic input level using the scaling procedure described in the next 
section.  While the SAC scaling procedure involved scaling the average response 
spectrum of two horizontal components to a target spectrum, the scaling procedure 
used in the present study scales the response spectrum of a single component to a 
target spectrum. This difference leads to slightly different scale factors. 
 
5.2.2 Ground Motion Record Scaling 
5.2.2.1 Seismic Input Levels 
The NEHRP Recommended Provisions [FEMA 2003] define two levels of seismic 
input that are the basis for the seismic design provisions in current building codes, 
such as IBC 2000.  The maximum considered earthquake (MCE) is the largest 
earthquake ground motion deemed to be economically practical for design purposes, 
although stronger shaking levels are possible.  The MCE is defined by a 5%-damped 
pseudo-acceleration response spectrum.  The ordinates of this spectrum are expected 
to have a 2% probability of exceedance in 50 years.  The design basis earthquake 
(DBE) is defined to be 2/3 of the MCE (i.e., the DBE spectral ordinates are 2/3 of the 
MCE spectral ordinates).  As the name implies, the DBE provides the basis for the 
equivalent lateral forces used in the code-prescribed design procedure.  Figure 5.20 
plots the DBE and MCE pseudo-acceleration spectra used as targets for ground motion 
scaling in the present study. 
 
5.2.2.2 Scaling Procedure 
The scaling procedure used in the present study was based on the recommendations of 
Somerville et al. [1997] for the SAC Steel Project.  Slight modifications were made 
since the recommended procedure includes two ground motion components.  In the 
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present study, all analytical models are two-dimensional, so only one ground motion 
component is required.  The scale factor for a given ground motion was calculated by 
minimizing the weighted sum of the squared error between the logarithm of the target 
pseudo-acceleration spectrum and the logarithm of the 5%-damped pseudo-
acceleration spectrum at a few selected periods.  With some derivation, and assuming 
the weight factors sum to one, the scale factor, SF, calculation can be written: 
 ∏
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where: 
N = number of periods included in the calculation of SF, 
etargt
i,aS = pseudo-acceleration value of the target spectrum at period i, 
GM
i,aS = pseudo-acceleration value of the ground motion spectrum at period i, 
fi = weighting factor at period i. 
 
Based on the recommendations of Somerville et al. [1997], four periods were included 
in calculating the scale factor.  These four periods and the corresponding weighting 
factors are listed in Table 5.3.  Although the recommendations of Somerville et al. are 
for MRFs, the fundamental natural period of the prototype frame, which is slightly less 
than one second, is still in the applicable range for the suggested periods and 
weighting factors.  In addition, a scale factor calculated with more weight placed in 
the short period range is likely to be influenced by large local variations in the ground 
motion response spectrum.  The scale factors that were calculated using Equation 5.1 
are shown in Table 5.4. 
 
5.3 Performance Objectives 
Performance objectives provide the basis for evaluating time-history analysis results.  
Performance objectives relate seismic input levels to target seismic performance 
levels.  The NEHRP Recommended Provisions [FEMA 2003] describe four 
performance levels: operational (O), immediate occupancy (IO), life safety (LS), and 
near collapse (NC).  The IO, LS and NC performance levels are of interest in the 
present study.  The NEHRP Provisions describe the IO performance level as follows: 
Damage to the structural systems is very slight and the structure retains all of 
its pre-earthquake strength and nearly all of its stiffness.  Nonstructural 
elements, including ceilings, cladding, and mechanical and electrical 
components remain secured and do not represent hazards.  Exterior 
nonstructural wall elements and roof elements continue to provide a weather 
barrier, and to be otherwise serviceable.  The structure remains safe to occupy; 
however, some repair and clean-up is probably required before the structure 
can be restored to normal service.  In particular, it is expected that utilities 
necessary for normal function of all systems will not be available, although 
those necessary for life safety systems would be provided.  Some equipment 
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and systems used in normal function of the structure may experience internal 
damage due to shaking of the structure, but most would be expected to operate 
if the necessary utility service was available.  The risk to life safety during an 
earthquake in a structure meeting this performance level is negligible.  
Structural repair may be completed at the occupants’ convenience, however, 
significant nonstructural repair and cleanup is probably required before normal 
function of the structure can be restored. 
 
For this study of BRBFs, the LS performance level was chosen as the target 
performance level for the DBE and the NC performance level was chosen as the target 
performance level for the MCE.  The NEHRP Provisions describe the LS performance 
level as follows: 
At the life safety level, significant structural and nonstructural damage has 
occurred.  The structure may have lost a substantial amount of its original 
lateral stiffness and strength but still retains a significant margin against 
collapse.  The structure may have permanent lateral offset and some elements 
of the seismic-force resisting system may exhibit substantial cracking, spalling, 
yielding and buckling.  Nonstructural elements of the structure, while secured 
and not presenting falling hazards, are severely damaged and cannot function.  
The structure is not safe for continued occupancy until repairs are instituted as 
strong ground motion from aftershocks could result in life threatening damage.  
Repair of the structure is expected to be feasible; however, it may not be 
economically attractive to do so.  The risk to life during an earthquake in a 
structure meeting this performance level is low. 
 
For the NC performance level, the NEHRP Provisions provide the following 
description: 
At the near collapse level a structure has sustained nearly complete damage.  
The seismic-force resisting system has lost most of its original stiffness and 
strength and little margin remains against collapse.  Substantial degradation of 
the structural elements has occurred including extensive cracking and spalling 
of masonry and concrete elements and buckling and fracture of steel elements.  
The structure may have significant permanent lateral offset.  Nonstructural 
elements of the structure have experienced substantial damage and may have 
become dislodged, creating falling hazards.  The structure is unsafe for 
occupancy as even relatively moderate ground motion from aftershocks could 
induce collapse.  Repair of the structure and restoration to service is probably 
not practically feasible. 
 
Since these descriptions provide only a broad understanding of the target BRBF 
performance, specific performance criteria are defined below in terms of structural 
limit states and limits on dynamic response quantities.  These performance criteria are 
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intended to achieve performance that conservatively meets (i.e., exceeds) the LS and 
NC performance levels described above. 
 
5.4 Performance Criteria 
To quantify the performance objectives, performance criteria were defined for the LS 
and NC performance levels.  Table 5.5 lists the limit states and limits on dynamic 
response quantities that were used to evaluate the global performance of the prototype 
BRBF and the performance of individual BRBs.  These limit states and limits on 
dynamic response quantities are based upon the general performance philosophy of 
damage minimization, experimental results from BRB component tests and seismic 
design recommendations. 
 
For a BRB, yielding of the core is permitted at both LS and NC performance levels, 
but fracture of the core is not permitted at any time.  The BRB response limits listed in 
Table 5.5 were established based on BRB tests.  As the test results summarized in 
Chapter 1 demonstrate, BRBs have tremendous cumulative ductility capacity, with 
one specimen sustaining a cumulative ductility demand, μc, of 1600 without fracture 
[Merritt et al. 2003b].  Thus, the response limit of 400 for the NC performance level is 
quite conservative.  The cumulative ductility response limits of 200 and 400 for the LS 
and the NC performance levels, respectively, were chosen because they significantly 
exceed previously reported BRB demands from time-history analyses [Sabelli 2001] 
but are much less than expected BRB capacity.  While the cumulative ductility 
capacity of BRBs is well established, the maximum ductility capacity is not as clearly 
defined. 
 
Most experimental programs on isolated BRBs have been conducted to maximum 
ductility demands, μmax, less than 20 [e.g., Merritt et al. 2003a and 2003b], and the 
experimental data for maximum ductility demands of 20 or more is limited [Black et 
al. 2003, Iwata et al. 2003, Usami et al. 2003].  Although the experimental data at 
large maximum ductility demands is limited, the good performance of BRBs at these 
ductility levels indicates that BRBs should be capable of sustaining maximum 
ductility demands much greater than 20.  For this reason, the NC limit on maximum 
ductility demand has been set at 25, a level that has been verified experimentally for 
tension and compression in one documented test [Usami et al. 2003].  Maximum 
ductility demands of this magnitude were observed in a previous analytical study by 
Sabelli [2001].  A mean plus one standard deviation maximum ductility demand of 
25.1 was reported for a 6-story BRBF subjected to a set of time-history analyses under 
MCE-level seismic input.  The LS maximum ductility demand limit of 15 was based 
on mean plus one standard deviation maximum ductility demands from time-history 
analyses under the DBE seismic input level [Sabelli 2001]. 
 
Although the LS performance level qualitatively described above allows significant 
structural damage, stricter control of damage is desired.  To achieve performance that 
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meets or exceeds the LS performance level, the BRBF system should dissipate the 
input earthquake energy through the BRBs while minimizing the structural damage in 
the beams, columns and connections of the frame.  This general objective provides the 
basis for establishing the beam, column and connection limits states at the LS 
performance level.  At the NC performance level, greater damage is permitted, 
although not to the extent described above in the qualitative definition of the NC 
performance level. 
 
For the beams, yielding is not permitted at the LS performance level, but it is 
permitted at the NC performance level.  Beam local buckling and fracture are not 
permitted at both LS and NC performance levels.  For the columns, yielding is not 
permitted at the LS performance level, except at the ground level.  Yielding is 
permitted at any location in the columns at the NC performance level.  Column local 
buckling and fracture are not permitted at both the LS and NC performance levels.  
For the connections, localized yielding is permitted in the structural tees and gusset 
plates at the LS performance level.  At the NC performance level, more extensive 
yielding is permitted in the connection elements.  Connection local buckling and 
fracture are not permitted at both the LS and NC performance levels.  However, for 
the beams, columns and connections, local buckling and fracture are limit states that 
cannot be evaluated in this analytical study since they are not included in the 
analytical model.  These limit states will be investigated and evaluated in the 
experimental study. 
 
The story drift limits used in this study are based on the Prestandard and Commentary 
for the Seismic Rehabilitation of Buildings [FEMA 2000].  In this document, story 
drift limits are related to structural damage and performance levels.  In the present 
analytical study, structural damage and performance levels will be evaluated directly 
through consideration of the prototype frame structural elements, such as braces, 
beams and columns.  As a result, the story drift limits were used to evaluate damage to 
nonstructural elements and the gravity system of the prototype building.  The story 
drift limit for the LS performance level is 0.02 radians and the story drift limit for the 
NC performance level is 0.04 radians.  The roof drift limits of 0.015 radians and 0.03 
radians for the LS and NC performance levels, respectively, are equal to 75% of the 
story drift limits. 
 
5.5 Analysis Results 
Results from two models will be presented in the following section.  The first model, 
called the Prototype Frame Model 1 (PFM1), is as described in Chapter 3.  The second 
model, called Prototype Frame Model 2 (PFM2), was introduced after evaluating 
experimental data from the test frame.  During the elastic-level evaluation of the test 
frame, described in Chapters 8 and 9, experimental measurements indicated that the 
flexibility of the gusset plate connection regions was not negligible.  Therefore, to 
improve the accuracy of the model, the very stiff connection regions defined in the 
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original model were modified to include greater elastic flexibility.  Figures 5.21(a) and 
5.21(b) illustrate the element configurations used in the beam-column-brace and 
beam-brace connection regions, respectively.  In the original model, the gusset plate 
beam-column elements in these regions were assigned very large axial stiffnesses in 
PFM1.  In PFM2, the axial stiffnesses for these gusset plate beam-column elements 
were reduced significantly. 
 
Since the geometry of the connection regions in the prototype frame was obtained by 
scaling up the properties of the test frame, the gusset plate axial stiffnesses for the 
prototype frame were obtained by scaling up the stiffness estimates made for the test 
frame.  The process by which the test frame gusset plate axial stiffnesses were 
estimated is described in Chapter 9.  The gusset plate axial stiffnesses used in PFM2 
are given in Table 5.6.  Table 5.7 compares the natural periods of PFM1 and PFM2.  
As shown, the fundamental period of PFM2 is about 6% longer than the fundamental 
period of PFM1. 
 
5.5.1 Statistical Summary (Prototype Frame Models 1 and 2) 
Since the ground motions were selected to represent earthquakes with a wide range of 
spectral characteristics, the time-history analysis results are used to show the expected 
BRBF response primarily in a statistical sense.  Tables 5.8 and 5.9 provide statistical 
summaries of the maximum response quantities under the DBE and MCE level ground 
motions for PFM1 and PFM2.  These statistical summaries were obtained in two steps:  
1. The maximum value of the following response quantities, story drift, BRB 
maximum ductility demand, and BRB cumulative ductility demand, over all 
stories in the BRBF, were determined for each ground motion. 
2. These response quantity values, as well as the roof drift, for each ground 
motion were grouped into sets and the mean, σ, and standard deviation, μ, 
were determined for each response quantity set. 
 
As illustrated in Tables 5.8 and 5.9, the change in connection region stiffness has a 
small, but noticeable effect on the time history analysis results.  In general, the more 
flexible connection regions caused drift and BRB response increases in the range of 
5% to 10%.  For the remainder of the response evaluation in this chapter, results from 
PFM2 will be used. 
 
5.5.2 Response to Selected Individual Ground Motion Records (Prototype 
Frame Model 2) 
To illustrate several important aspects of the prototype frame time-history response, 
results for two individual ground motions records are presented in this section.  The 
first ground motion record, Northridge, Canoga Park (ground motion number 11 from 
Table 5.4), produced response that is near the mean and the second ground motion 
record, Northridge, Canyon (ground motion number 12), produced response 
significantly greater than the mean. 
 91
 
Figures 5.22(a) and 5.22(b) plots the roof drift time history response of the prototype 
frame under the Northridge, Canoga Park record (called GM11) and the Northridge, 
Canyon record (called GM12), respectively.  It is seen that the response to GM11 is 
more symmetrical than the response to GM12.  As a result of the one-sided inelastic 
behavior under GM12, significant residual drift remains at the end of the record.  
Figure 5.23 plots the maximum displacement profiles for the prototype frame under 
GM11 and GM12.  As noted on the plot, the sign of the displacement profile under 
GM12 is reversed for the sake of comparison. 
 
Figures 5.24(a) and 5.24(b) plots maximum story drift and BRB maximum ductility 
demand envelopes for both GM11 and GM12, respectively.  As discussed in Chapter 
4, due to the kinematics of a BRBF, the BRB maximum ductility demand envelopes 
are similar in shape to the story drift envelopes.  Under GM11, the story drift and BRB 
maximum ductility demands are fairly uniform over the height of the structure, and 
there is no appreciable concentration of deformation in any one story.  The story drift 
and BRB maximum ductility demands in Story 1 are similar under GM11 and GM12, 
but the demands in Stories 2 through 4 are significantly greater under GM12.  Under 
GM12, the demands are greatest in Story 3. 
 
Figure 5.25 plots details of the prototype frame response under GM11.  Figures 
5.25(a) and 5.25(b) plot displacement and story shear profiles, respectively, at 
maximum roof drift and maximum base shear.  These plots illustrate the significant 
differences in these two points of maximum response.  At maximum roof drift, the 
story shear profile does not vary much over the height of the structure, indicating that 
the resultant of the applied lateral forces is near the top of the frame.  At maximum 
base shear, the story shear profile increases significantly going down the structure, 
indicating that the resultant of the applied lateral forces is much lower on the frame.  
This difference is largely due to the influence of the second mode on the response.  
This effect is illustrated in Figures 5.25(c) and 5.25(d), which plot the time-history 
displacement profiles at maximum base shear and maximum roof drift, respectively, 
along with first mode displacement profiles. 
 
As illustrated in Figure 3.7(b), the zero crossing for the second mode of the prototype 
frame is close to Level 3.  As a result, superposition of second mode response onto 
first mode response produces little change at Level 3.  Thus, Figures 5.25(c) and 
5.25(d) plot first mode profiles scaled so that the Level 3 displacement magnitudes are 
equal to the time-history displacement profiles at Level 3.  As shown, this procedure 
illustrates the presence of second mode response in both cases.  The difference 
between the maximum roof drift and maximum base shear cases is the direction in 
which the second mode is acting.  When base shear is maximized, the second mode is 
acting in the sense that it is shown in Figure 3.7(b).  This leads to decreased lateral 
displacement at Level 4 and increased lateral displacement at Levels 1 and 2, with 
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respect to first mode response.  When roof drift is maximized, the second mode is 
acting opposite to the sense that it is shown in Figure 3.7(b).  This leads to increased 
lateral displacement at Level 4 and decreased lateral displacement at Levels 1 and 2, 
with respect to first mode response.  Similar response is illustrated in Figures 5.26(c) 
and 5.26(d) for GM12. 
 
5.5.3 Evaluation of Performance Objectives (Prototype Frame Model 2) 
Tables 5.10 and 5.11 provide the maximum response quantities for all of the DBE and 
MCE level ground motions, respectively, from Step 1 of the two-step process 
discussed above.  In Tables 5.10 and 5.11, overall maximum values for each response 
quantity are noted with bold typeface.  The maximum roof drift was 0.024 radians for 
the DBE level ground motions and 0.037 radians for the MCE level ground motions, 
while the maximum story drifts were 0.029 and 0.044 radians for the DBE and MCE 
level ground motions, respectively.  As described earlier, the roof drift limits were 
0.015 radians and 0.03 radians for the LS and NC performance levels, respectively, 
and the story drift limits were 0.02 radians and 0.04 radians for the LS and NC 
performance levels, respectively.  The LS and NC performance levels are the targets 
for the DBE and MCE seismic input levels, respectively.  Therefore, the maximum 
drift response values are approximately 50% greater than the limits for the DBE and 
10 to 25% greater for the MCE. 
 
Table 5.9 summarizes the statistical results for the DBE and MCE from the data in 
Tables 5.10 and 5.11.  When the DBE response summarized in Table 5.9 is compared 
to the design criteria in Table 5.5, it is seen that the mean value roof and story drifts 
are equal to the response limits of 0.015 and 0.02 radians, respectively.  The mean plus 
one standard deviation values for the drift response quantities are about 25% above the 
response limits.  For the MCE level, the mean value roof and story drifts are below the 
response limits of 0.03 and 0.04 radians, respectively, and the mean plus one standard 
deviation drifts exceed the response limits by 10% or less.  The mean plus one 
standard deviation response quantities for the BRBs are all below the response limits. 
 
Under all of the DBE level ground motions, yielding occurred in the structural tee 
connection elements.  Minor yielding in the columns at the ground level was also 
observed for several DBE level ground motions.  Under all of the MCE level ground 
motions, yielding occurred in the columns at the ground level in addition to yielding in 
the structural tee connection elements.  Limited column yielding was also observed in 
Stories 2 and 3 under most of the MCE ground motions. 
 
Figures 5.27 and 5.28 show story drift and BRB maximum ductility demand response 
envelopes for the DBE and MCE, respectively.  As indicated, the demands were 
distributed reasonably over the height of the structure and maximum response for both 
seismic input levels occurred in Story 2.  As discussed above, BRBF kinematics 
produce BRB maximum ductility demand envelopes that are similar in shape to the 
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story drift envelopes.  Although Story 2 response was always largest, no pronounced 
soft story behavior was observed even when the frame was subjected to MCE level 
ground motions.  In theory, the BRB properties could be adjusted in an effort to “tune” 
the structure and achieve a more uniform distribution of deformation and ductility 
demand.  However, the significant uncertainty in the structural response (brace 
demands) makes such tuning of the braces impractical.  The uncertainties include: (1) 
ground motion characteristics, (2) structural properties and (3) the interaction of (1) 
and (2).  Optimization of the BRBs could be pursued, but the primary observation 
from the time-history analyses summarized here is that the equivalent lateral force 
design approach produces a good design with acceptable overall BRBF performance.   
 
For the DBE and MCE seismic input levels, the mean roof and story drift response 
values were at or below the established performance objectives and the largest BRB 
maximum ductility demands were below the performance objectives.  For both 
seismic input levels, the mean plus one standard deviation roof and story drift values 
exceeded the response limits.  In terms of structural damage, the LS performance level 
was clearly obtained for the DBE seismic input level.  However, the large drifts 
indicate the potential for appreciable nonstructural damage, which could mean that the 
LS performance level was not met in terms of nonstructural damage.  Despite the 
appreciable residual drifts under the MCE, as discussed in the following section, the 
prototype BRBF exhibited excellent structural performance and easily met the NC 
performance level in terms of structural damage.  However, like the DBE response, 
the significant drifts indicate the potential for appreciable nonstructural damage, which 
could lead to the NC performance level not being met in terms of nonstructural 
damage. 
 
5.5.3.1 Residual Drift 
One issue not addressed by the performance criteria, but important in the post-
earthquake evaluation of structures, is residual drift.  Table 5.12 provides a summary 
of the residual drift for the time-history analyses.  The mean residual roof and story 
drifts under the DBE ground motions were 0.003 and 0.005 radians, respectively.  
However, residual roof and story drifts as large as 0.011 and 0.013 radians, 
respectively, were observed under one ground motion. 
 
Although the drifts under the DBE seismic input level are significant, the prototype 
BRBF appears to have much better structural performance than the performance 
described qualitatively in the LS summary.  Owing to the minimal damage sustained 
in the structural system outside of the BRBs and the considerable cumulative ductility 
capacity of the BRBs, the prototype BRBF might be capable of meeting the IO 
performance level under the DBE if the maximum drift and residual drift were better 
controlled.  The significant residual drifts, noted above, could prevent a BRBF from 
staying in service after a DBE level earthquake, and might require significant repair.  
Clear residual drift limits are not established, but a conservative point of reference is 
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the allowable out-of-plumb construction tolerance for columns, specified in the 
American Institute of Steel Construction Code of Standard Practice for Steel Buildings 
and Bridges [AISC 2005b] as 1/500, or 0.002 radians.  The mean residual story drift 
for the prototype BRBF is more than double this limit, indicating that problems with 
nonstructural systems could arise due to the DBE residual drifts.  However, the 
construction tolerance limit may not be appropriate for post-earthquake evaluation.  
Based on experience with post-earthquake inspection and assessment of buildings in 
California, some structural engineers have suggested 0.005 radians as a reasonable 
residual drift limit [Lopez 2006].  Although the mean residual story drift of the 
prototype building under the DBE is equal to this limit, the mean plus one standard 
deviation story drift is nearly double the limit, indicating that the IO performance level 
would not be met. 
 
At the MCE seismic input level, the maximum and residual drifts indicate that 
significant nonstructural damage would probably occur.  Under the MCE ground 
motions, mean level residual roof and story drifts were 0.010 and 0.012 radians, 
respectively.  The maximum residual roof and story drifts were 0.024 and 0.027 
radians, respectively.  Despite these appreciable residual drifts under the MCE, the 
prototype BRBF sustained minimal structural damage and exhibited performance 
better than NC in terms of structural damage. 
 
5.5.3.2 BRB and System Overstrength 
The level of BRB overstrength that will develop during inelastic behavior is an 
important assumption made in the BRBF design.  As noted in Chapter 2, a system 
overstrength factor, Ω0, equal to 2 was used in the design of the prototype building.  
Specifically, the load combinations used to design the columns contained Ω0.  Figures 
5.29(a) and 5.29(b) plot statistical values of the story shear for the DBE and MCE 
ground motions, respectively, and compare them to the design story shear profile.  The 
statistical values are the mean and mean plus one standard deviation of the maximum 
story shear observed during each ground motion.  Table 5.13 presents a statistical 
evaluation of the base shear overstrength, defined as the absolute maximum base shear 
divided by the design base shear.  As illustrated, the mean plus one standard deviation 
base shear overstrength under the DBE ground motions is 1.61, significantly less than 
the value of 2 used in design.  However, the mean plus one standard deviation base 
shear overstrength under the MCE ground motions is 2.05.  This is only 2.5% greater 
than the design overstrength value; however, the maximum overstrength observed for 
the Valparaiso ground motion scaled to the MCE level is 2.24.  The system 
overstrength factor plays an important role in the equivalent lateral force design 
procedure, since it may be used in the design of connections and other essential 
elements of the lateral-force-resisting system.  The greater overstrength observed in 
the prototype frame indicates a need to reevaluate the system overstrength factors 
presented in the BRBF Recommended Provisions.  It is useful to note that Lopez and 
Sabelli [2004] present a capacity design procedure for BRBFs that does not use Ω0.  
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This type of procedure is more desirable since it is based on a clear consideration of 
force paths and maximum expected demands, instead of the general application of the 
base shear overstrength throughout the structure. 
 
The BRB overstrength levels that developed under the DBE and MCE ground motions 
were also compared to the overstrength assumed in the BRBF design.  In the prototype 
frame design process, BRB overstrength values, based on tests of similar BRBs by 
Merritt et al. [2003b], of 1.44 and 1.73 were assumed for tension and compression, 
respectively.  Table 5.14 presents statistical values of BRB overstrength from the 
time-history analyses.  The mean plus one standard deviation maximum forces for the 
MCE were 1.29 and 1.56 times the nominal yield force for tension and compression, 
respectively, and the largest maximum forces were 1.34 and 1.65 times the nominal 
yield force for tension and compression, respectively.  Thus, the design overstrength 
values were adequate. 
 
Table 5.15 compares the β and ω values predicted using the AISC Seismic Provisions 
procedure with the values observed in the time-history analyses.  At the DBE level, 
the predictions of β, ω and βω are all greater than the mean response.  At the MCE 
level, the predictions of ω and βω are greater than the mean response, but the 
predicted β value is slightly less than the mean response.  However, it is important to 
recognize that the story drift and BRB ductility demand levels upon which these 
predictions are based are significantly less than the demands that occurred in the time-
history analyses.  If the ductility demands from the time-history analyses are used in 
Equations 1.7 and 1.8 to predict β, ω and βω values, the results are very conservative, 
exceeding the absolute maximum response values from the time-history analyses.  
While these predictive formulas proposed by Merritt et al. [2003b] for Star Seismic 
BRBs are conservative for design, they appear to make unrealistically large 
predictions for ductility demands beyond the range of the tests upon which they are 
based. 
 
5.5.4 BRB Ductility Demands 
The most significant response quantities from the time-history analyses are the BRB 
ductility demands.  The mean plus one standard deviation cumulative ductility 
demands are less than the response limits, defined earlier in this chapter, with 
significant reserve margin and thus the performance criteria are satisfied.  As shown in 
Table 5.11, the largest BRB cumulative ductility demands were 104 and 936 under the 
DBE and MCE level ground motions, respectively.  The large cumulative ductility 
demand under the Valparaiso ground motion scaled to the MCE level is the result of 
the unusually long record duration.  Although this cumulative ductility demand is 
greater than the established response limit, BRBs have been shown to withstand even 
larger cumulative ductility demands [Merritt et al. 2003b].  Except for extraordinary 
cases such as the Valparaiso ground motion, cumulative ductility demand will not 
usually control the design of BRBs because of the large cumulative ductility capacity. 
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While the BRBs in the prototype BRBF have significant reserve cumulative ductility 
capacity, the maximum ductility demands for the MCE level exceed the ductility 
demands in most of the previous tests.  As indicated in Table 5.9, the peak maximum 
ductility demand for the DBE level was 16.9 and the peak maximum ductility demand 
for the MCE level was 24.9.  The implications of these ductility demand levels are 
discussed below. 
 
5.5.4.1 Evaluation of Analytical BRB Maximum Ductility Demands 
The BRB maximum ductility demands observed in the present study are very similar 
to those reported by Sabelli [2001].  For the DBE level seismic input, the mean values 
are around 11 and the mean plus one standard deviation values are around 14, while 
for the MCE level seismic input, the mean and mean plus one standard deviation 
values are around 18 and 23, respectively.  The BRB maximum ductility demands 
reported by Iwata et al. [2003] for a MRF-BRBF dual system are also similar to the 
results of the present study.  For the seismic input level closest to the MCE level, 
mean and mean plus one standard deviation maximum ductility demands were 13.5 
and 20.2, respectively.  These demands are slightly lower than the demands for BRBF-
only systems because of the lateral-force resistance provided by the MRF. 
 
As demonstrated in the study by Usami et al. [2003], BRBs are capable of excellent 
performance at maximum ductility levels up to 25 in both tension and compression.  
Tsai et al. [2003b] demonstrated that BRBs are capable of sustaining tension 
maximum ductility demands of over 45.  In addition, two of the BRBs tested by Iwata 
et al. [2000] achieved maximum ductility capacities greater than 20, while Black et al. 
[2002] tested one BRB to a maximum ductility demand of 20.  This limited data 
suggest that BRBs are capable of significant maximum ductility capacities.  However, 
further investigation of BRB maximum ductility capacity is required to verify this 
suggestion.  In addition, BRBs must be detailed to accommodate the expected MCE 
level maximum ductility demands.  At large deformations, BRBs that run out of 
deformation capacity, either internally at core taper locations or externally at 
connections, would suddenly develop unexpected large forces that could lead to 
failure of connections or members. 
 
5.5.4.2 AISC Seismic Provisions Design Predictions and Recommended 
Qualification Testing Protocol 
The time-history analysis results presented above clearly demonstrate that the testing 
protocol outlined in the BRBF Recommended Provisions is inadequate to show that 
BRBs provide the required maximum ductility capacity.  As discussed in Chapter 1, 
the recommended testing protocol requires, at most, that a maximum ductility demand 
of 9.9 be imposed.  In the present study and in three of the analysis sets produced by 
Sabelli [2001], the mean value BRB maximum ductility demands from the DBE level 
time-history analyses exceed this value.  This fact alone indicates the need for a more 
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demanding testing protocol since capacity must exceed mean value demands by a 
significant margin.  Owing to the uncertainties in demand and capacity, as well as the 
fact that greater seismic input (e.g., the MCE level) is expected, the BRB maximum 
ductility demand imposed by the testing protocol should greatly exceed the mean 
value demands at the DBE level. 
 
Table 5.15 lists the predicted BRB maximum ductility demand – based on the AISC 
Seismic Provisions procedure – along with the mean value response values from the 
time history analyses.  The design calculation is intended to predict the response under 
DBE seismic input, so the mean DBE response provides the best comparison point.  
The design prediction is not good, since the mean BRB maximum ductility demand 
under the DBE ground motions is nearly 20% greater than the prediction. 
 
Although engineers do not directly design for MCE-level seismic input when using 
current code-based design criteria, consideration of MCE-level BRB maximum 
ductility demands in the design process and the BRB testing protocol is necessary for 
good performance to be achieved.  It is imperative that BRBs be detailed for ductility 
demands beyond the DBE level so that poor performance will not occur if the design-
basis earthquake is exceeded.  As noted in Table 5.15, if the braces in the prototype 
frame were detailed only to accommodate the AISC design prediction, poor 
performance would occur under the DBE and extremely poor performance would 
occur under the MCE.  This poor performance would arise when the BRB internal 
clearance was exhausted in compression, leading to an unexpectedly large force in 
compression.  This condition would most likely lead to brace buckling or connection 
failure. 
 
In view of the lack of experimental data on BRB maximum ductility capacity, it is 
recommended that the BRB testing protocol should quantify BRB behavior up to at 
least the mean plus one standard deviation MCE-level demands from the time-history 
analyses, which are in the range of 20 to 25.  In addition, BRB maximum ductility 
capacity should be investigated by conducting BRB qualification tests to failure under 
maximum ductility demand when possible. 
 
5.5.5 Evaluation of Deflection Amplification Factor (Cd) 
In current building codes, such as IBC 2000, the deflection amplification factor, Cd, is 
used to estimate inelastic lateral displacements under the DBE.  Cd is a multiplier that 
is applied to elastic deflections and is intended to account for inelastic response.  
However, the accuracy of the Cd values for conventional earthquake-resistant 
structural systems in current building codes is not established, and little information is 
available to justify them.  Uang [1991] used the relationships between force reduction 
and ductility developed by Newmark and Hall [1982] to show that typical Cd values 
are too low.  Based on the results of the present analytical study, the value of Cd = 5.5 
for BRBFs seems to be low, a conclusion that is supported by previous analytical 
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studies [Sabelli and Aiken 2003].  Figure 5.30 shows a statistical summary of 
maximum floor displacements under the DBE ground motions along with the 
amplified elastic displacements using values of Cd = 5.5 and 8.  As illustrated, the 
elastic displacements amplified by Cd = 5.5 are significantly below the mean 
maximum floor displacements.  When the displacement amplification factor is set 
equal to the response modification coefficient (Cd = R = 8), the estimate of the mean 
inelastic displacements is more accurate. 
 
It is understandable that the BRBF Recommended Provisions present system 
parameters similar to other ductile earthquake resistant building systems, such as 
MRFs or EBFs.  Proposing a Cd value for BRBFs exceeding Cd values currently used 
for other ductile systems could penalize the BRBF system in comparison to the other 
systems.  However, the Cd values in current building codes for conventional 
earthquake-resistant building systems are low, and as a result, they provide 
unconservative estimates of inelastic lateral displacements [Uang and Maarouf 1994].  
Uang and Maarouf recommend that Cd should be equal to R. 
 
As described in Chapter 1 and illustrated above, Cd is of particular importance in the 
design of BRBFs since it is currently being used in the process of estimating 
maximum ductility demands on BRBs.  The current approach [Sabelli 2004, Sabelli 
and Lopez 2004, AISC 2005] is to use Cd and an empirically established amplification 
factor of two to estimate inelastic BRB deformations based on elastic deformations.  
The basis for this procedure is not clear and a more rigorous procedure is necessary.  
 
5.5.6 Recommendations 
5.5.6.1 Deflection Amplification Factor 
As illustrated above, Cd = R provides an estimate of inelastic lateral deflections that 
agrees well with the mean deflections from the time-history analyses of the prototype 
building under DBE seismic input.  Thus, it is recommended that R be used in place of 
Cd in the drift check prescribed by the code-based seismic design procedure.  
However, it should be noted that inherent in this code-based procedure is the 
assumption that first-mode response is dominant and drifts are essentially uniform in 
all stories and similar to the roof drift.  This is often not the case for structures with 
inelastic seismic response, as illustrated earlier in this chapter. 
 
5.5.6.2 BRB Maximum Ductility Demand Prediction 
To develop a more rigorous procedure for predicting BRB maximum ductility 
demands, it is necessary to identify the important factors influencing this prediction. 
As noted in Chapter 1, the starting point for the prediction procedure in the AISC 
Seismic Provisions [2005a] is an elastic analysis of the BRBF under the lateral forces 
prescribed by the building seismic design provisions to be used in evaluating 
compliance with the drift limits.  This set of forces is also the starting point for the 
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following recommended procedure.  The recommended procedure consists of the 
following two steps: 
1. Analyze the BRBF under the lateral forces prescribed by the building seismic 
design provisions (e.g., IBC 2000) to be used to evaluate compliance with the 
drift limits, and determine the corresponding story drift. 
2. Calculate the predicted BRB maximum ductility demand, (μmax)p: 
 e,storyBRBhepmax RCCCC)( θκ=μ θ  (5.2) 
where: 
θstory,e = the elastic story drift, in radians, due to the forces described in Step 1, 
R = the response modification coefficient, 
Ce = an evaluation level adjustment factor relating mean plus one standard 
deviation response to mean response, 
Ch = an earthquake hazard level adjustment factor relating MCE response to 
DBE response, 
Cθ = an adjustment factor accounting for story drift concentrations due to 
higher mode effects and inelastic response, 
CBRB = an adjustment factor on κ (defined below) accounting for the difference 
between the BRB deformation from a theoretical kinematic relationship (κ) 
and the BRB deformation determined from nonlinear time-history analyses, 
κ = the ratio of BRB maximum ductility demand to maximum story drift, 
calculated from kinematics as: 
yy
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L
cosh
ε
θ=κ  (5.3) 
where: 
hsx = story height, 
θ = BRB angle with respect to horizontal, 
Ly = length of BRB core yielding region, 
εy = yield strain of the BRB core steel. 
 
Equation 5.3 is based on the assumptions that no deformations occur in the beams, 
columns and related connection regions, and that all of the BRB deformation occurs in 
the yielding region of the core.  Thus, the adjustment factor CBRB roughly accounts for 
other deformations in the story.  The other adjustment factors defined above illustrate 
the important issues that must be considered to make a reasonable estimate of BRB 
maximum ductility demands from an elastic analysis using code-based design-level 
forces.  Cθ accounts for the fact that the maximum story drift during nonlinear time-
history analysis will be larger than predicted by amplifying the elastic lateral deflected 
shape from the forces determined in Step 1.  The increased story drift is due to the 
influence of higher mode effects and the concentration of drift in the stories that yield 
earliest.  Since the response modification coefficient, R, predicts mean roof 
displacement response, Ce is necessary to consider mean plus one standard deviation 
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response for the BRB maximum ductility demand prediction.  Ch amplifies the DBE 
prediction to the MCE level. 
Values for the adjustment factors described above were determined from the time-
history analysis results presented earlier in this chapter.  These values, which provide 
slightly conservative estimates of BRB maximum ductility demand, are: 
• Ce = 1.3 
• Ch = 1.7 
• Cθ = 1.3 
• CBRB = 0.85 
• κ = 675 
The values for Ce, Ch and Cθ are relatively insensitive to system configuration and are 
reasonable estimates for general use.  The values for κ and CBRB depend on the 
bracing configuration and the BRB properties, and as a result, they should be 
evaluated specifically for the BRBF being considered. 
 
The recommended procedure from Equations 5.2 and 5.3 can be combined to develop 
an approximate comparison to the AISC design prediction [AISC 2005a] described in 
Equations 1.6 and 1.7.  Equations 1.6 and 1.7 give: 
 
by
bx
dpmax C2)( Δ
Δ=μ  (5.4) 
The product e,storyBRBC κθ  is roughly equal to the ratio of BRB deformation to yield 
deformation as follows: 
 
by
bx
e,storyBRBC Δ
Δ≈κθ  (5.5) 
Applying the adjustment factors listed above for the prototype frame leads to the 
expression: 
 
by
bx
pmax R3)( Δ
Δ≈μ  (5.6) 
Thus, for Cd = 5.5 and R = 8, the proposed prediction method for BRB maximum 
ductility demand predicts demands over twice as large as the current AISC prediction 
method [AISC 2005a]. 
 
Although the numerical results presented in this section are derived from analyses of 
one BRBF configuration, the recommended framework is valid for general application 
and it illustrates the important issues influencing BRB maximum ductility demands.  It 
is imperative for engineers to understand that the level of maximum ductility demand 
for which BRBs are detailed will have a significant impact on the brace and frame 
performance.  Thus, to achieve good performance, it is recommended that BRBs be 
detailed for mean plus one standard deviation maximum ductility demands for the 
MCE seismic input level.  However, engineers willing to tolerate potentially reduced 
performance could choose to design for lower BRB maximum ductility demand levels.  
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For example, if the choice was made to consider mean response at the MCE seismic 
input level, Ce would be set equal to one in Equation 5.2.  Similarly, if the choice was 
made to consider mean plus one standard deviation response at the DBE seismic input 
level, Ch would be set equal to one in Equation 5.2.  If the choice was made to 
consider only mean response at the DBE seismic input level, both Ch and Ce would be 
set equal to one in Equation 5.2.  In this manner, ductility demand predictions are 
made with an understanding of the performance implications.  Table 5.16 illustrates 
the different prediction levels that can be obtained through the proposed prediction 
method described above in Equations 5.2 and 5.3.  Table 5.16 compares BRB 
maximum ductility demands from the time-history analyses, the AISC prediction 
method and the proposed prediction method. 
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Table 5.1 – Earthquake records from PEER Center database. 
 
Earthquake Year Station and component M RE 
(km) 
PGA*
(g) 
Chi-Chi 1999 CHY036, 270 7.1 20.4 0.294 
Duzce 1999 Bolu, 000 7.1 17.6 0.728 
Kocaeli 1999 Iznik, 090 7.4 31.8 0.136 
Loma Prieta 1989 Gilroy Array #3, 090 7.0 14.4 0.367 
Loma Prieta 1989 Hollister-Diff Array, 165 7.0 25.8 0.269 
Loma Prieta 1989 Hollister-South and Pine, 000 7.0 28.8 0.371 
Loma Prieta 1989 Sunnyvale Colton Avenue, 360 7.0 28.8 0.209 
Northridge 1994 Canoga Park-Topanga Canyon, 000 6.7 34.2 0.420 
Northridge 1994 Canyon-W Lost Canyon, 000 6.7 13.3 0.410 
Northridge 1994 Northridge-Saticoy, 180 6.7 13.3 0.477 
Superstition 
Hills 
1987 Westmoreland Fire Station, 180 6.7 13.3 0.211 
*Peak ground acceleration values are unscaled. 
 
 
Table 5.2 – Earthquake records from SAC suites. 
 
Earthquake Year Station and component M RE 
(km) 
PGA*
(g) 
Kobe 1995 JMA, SAC LA21 p45 6.9 3.4 0.800 
Miyagi-ken-oki 1978 Ofuna, SAC SE36 p45 7.4 66 0.440 
Tabas 1974 Tabas, SAC LA30 p45 7.4 1.2 0.918 
Valparaiso 1985 Llolleo, SAC SE30 p45 8.0 42 0.542 
*Peak ground acceleration values are unscaled. 
 
 
Table 5.3 – Weighting factors used in scaling ground motions. 
 
Period 
(seconds) 
Weighting factor 
0.3 0.1 
1.0 0.3 
2.0 0.3 
4.0 0.3 
 
 
 
Table 5.4 – Ground motion scale factors. 
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Ref. 
Number 
Earthquake Station and component DBE MCE 
1 Artifical - 1.0 1.5 
2 Chi-Chi CHY036, 270 1.04 1.56 
3 Duzce Bolu, 000 1.08 1.62 
4 Kobe* JMA, SAC LA21 p45 - 0.90 
5 Kocaeli Iznik, 090 2.39 - 
6 Loma Prieta Gilroy Array #3, 090 1.50 2.25 
7 Loma Prieta Hollister-Diff Array, 165 1.63 2.45 
8 Loma Prieta Hollister-South and Pine, 000 0.95 1.43 
9 Loma Prieta Sunnyvale Colton Avenue, 360 1.69 2.54 
10 Miyagi-ken-oki* Ofuna, SAC SE36 p45 - 1.44 
11 Northridge Canoga Park-Topanga Canyon, 000 1.63 2.45 
12 Northridge Canyon-W Lost Canyon, 000 1.28 1.92 
13 Northridge Northridge-Saticoy, 180 0.89 1.33 
14 Superstition Hills Westmoreland Fire Station, 180 1.72 2.58 
15 Tabas* Tabas, SAC LA30 p45 - 0.80 
16 Valparaiso* Llolleo, SAC SE30 p45 - 3.10 
*Scale factors listed for SAC records are applied to the unscaled p45 components. 
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Table 5.5 – Structural limit states and response quantity limits for performance levels. 
 
 Limit state/response quantity LS1 NC2 
Core yielding Yes Yes 
Core fracture No No 
Maximum ductility demand 15 25 BRB 
Cumulative ductility demand 200 400 
Yielding No Yes 
Local buckling No No Beam 
Fracture No No 
Yielding Yes3 Yes 
Local buckling No No Column 
Fracture No No 
Yielding Yes Yes 
Local buckling No No Connection 
Fracture No No 
Maximum roof drift 0.015 0.03 Drift 
Maximum story drift 0.02 0.04 
1 LS performance level is the target performance level for the DBE. 
2 NC performance level is the target performance level for the MCE. 
3 Only yielding at the ground level is permitted. 
 
 
Table 5.6 – Gusset plate axial stiffnesses used in PFM2. 
 
Story Stiffness (k/in) 
4 9050 
3 11500 
2 12900 
1 14200 
 
 
Table 5.7 – Natural periods for original and revised analytical models. 
 
Mode Period – PFM1 (seconds) Period – PFM2 (seconds) 
1 0.87 0.92 
2 0.33 0.35 
3 0.20 0.21 
4 0.13 0.14 
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Table 5.8 – Statistical evaluation of maximum response quantities (PFM1). 
 
Drift (radians) BRB ductility demand Seismic 
input level 
Statistical 
quantity Roof Story Maximum Cumulative
μ 0.014 0.019 10.6 69 
μ+σ 0.018 0.024 13.4 89 DBE 
maximum 0.023 0.027 15.7 106 
μ 0.024 0.031 17.6 174 
μ+σ 0.030 0.038 21.2 377 MCE 
maximum 0.031 0.039 21.8 897 
 
 
Table 5.9 – Statistical evaluation of maximum response quantities (PFM2). 
 
Drift (radians) BRB ductility demand Seismic 
input level 
Statistical 
quantity Roof Story Maximum Cumulative
μ 0.015 0.020 11.1 70 
μ+σ 0.019 0.025 14.0 90 DBE 
maximum 0.024 0.029 16.9 104 
μ 0.026 0.033 18.4 179 
μ+σ 0.033 0.041 22.7 391 MCE 
maximum 0.037 0.044 24.9 936 
 
 
Table 5.10 – Maximum DBE response quantities for individual ground motions 
(PFM2). 
 
Drift (radians) BRB ductility demand Earthquake 
 Roof Story Maximum Cumulative
Artifical 0.014 0.018 9.7 104 
Chi-Chi 0.008 0.012 6.8 55 
Duzce 0.013 0.018 10.0 79 
Kocaeli 0.017 0.023 12.8 83 
Loma Prieta, Gilroy 0.019 0.027 14.9 46 
Loma Prieta, Hollister-DA 0.013 0.015 8.5 44 
Loma Prieta, Hollister-S&P 0.015 0.019 10.3 60 
Loma Prieta, Sunnyvale 0.011 0.017 9.1 44 
Northridge, Canoga Park 0.014 0.019 10.8 91 
Northridge, Canyon 0.024 0.029 16.9 81 
Northridge, Saticoy 0.016 0.025 13.7 85 
Superstition Hills 0.013 0.018 9.5 73 
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Table 5.11 – Maximum MCE response quantities for individual ground motions 
(PFM2). 
 
Drift (radians) BRB ductility demand Earthquake 
 Roof Story Maximum Cumulative
Artifical 0.022 0.027 15.1 194 
Chi-Chi 0.012 0.017 9.5 93 
Duzce 0.019 0.026 14.4 115 
Kobe 0.034 0.040 23.3 124 
Loma Prieta, Gilroy 0.030 0.038 21.2 93 
Loma Prieta, Hollister-DA 0.029 0.037 20.7 84 
Loma Prieta, Hollister-S&P 0.029 0.036 20.3 98 
Loma Prieta, Sunnyvale 0.022 0.030 16.3 92 
Miyagi-ken-Oki 0.020 0.030 16.7 202 
Northridge, Canoga Park 0.033 0.043 23.9 149 
Northridge, Canyon 0.037 0.044 24.9 119 
Northridge, Saticoy 0.032 0.039 22.0 144 
Superstition Hills 0.020 0.027 14.8 126 
Tabas 0.025 0.033 18.0 117 
Valparaiso 0.020 0.027 14.9 936 
 
 
Table 5.12 – Statistical evaluation of residual drift (PFM2). 
 
Residual drift (radians) Seismic 
input level 
Statistical 
quantity Roof Story 
μ 0.003 0.005 
μ+σ 0.007 0.009 DBE 
maximum 0.011 0.013 
μ 0.010 0.012 
μ+σ 0.017 0.020 MCE 
maximum 0.024 0.027 
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Table 5.13 – Statistical evaluation of system overstrength (PFM2). 
 
Seismic 
input level 
Statistical 
quantity 
Base shear overstrength 
μ 1.53 
μ+σ 1.61 DBE 
maximum 1.65 
μ 1.86 
μ+σ 2.05 MCE 
maximum 2.24 
 
 
Table 5.14 – Statistical evaluation of BRB overstrength (PFM2). 
 
BRB maximum force ratio Seismic 
input level 
Statistical 
quantity Tension Compression 
μ 1.13 1.31 
μ+σ 1.16 1.37 DBE 
maximum 1.18 1.39 
μ 1.23 1.48 
μ+σ 1.29 1.56 MCE 
maximum 1.34 1.65 
 
 
Table 5.15 – Comparison of BRB force and deformation predictions with mean time-
history response (PFM2). 
 
Quantity μmax β ω βω 
AISC design 
predictions 9.4 1.18 1.50 1.778 
DBE mean 
time-history 
mean response 
(PFM2) 
11.1 1.16 1.13 1.31 
MCE mean 
time-history 
mean response 
(PFM2) 
18.4 1.20 1.23 1.48 
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Table 5.16 – Proposed prediction method for BRB maximum ductility demand. 
 
BRB maximum ductility demand Seismic 
input level 
Statistical 
quantity AISC 
prediction 
method 
Proposed 
prediction 
method 
Time-history 
analysis 
results 
μ 9.4 11.9 11.1 DBE μ+σ - 15.5 14.0 
μ - 20.3 18.4 MCE μ+σ - 26.4 22.7 
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Figure 5.1 – Artificial ground motion time histories (scaled to DBE seismic input 
level): (a) ground acceleration; (b) ground velocity; (c) ground displacement. 
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Figure 5.2 – Pseudo-acceleration response spectrum for artificial ground motion scaled 
to DBE seismic input level. 
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Figure 5.3 – Chi-Chi earthquake time histories (unscaled): (a) ground acceleration; (b) 
ground velocity; (c) ground displacement. 
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Figure 5.4 – Duzce earthquake time histories (unscaled): (a) ground acceleration; (b) 
ground velocity; (c) ground displacement. 
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Figure 5.5 – Kocaeli earthquake time histories (unscaled): (a) ground acceleration; (b) 
ground velocity; (c) ground displacement. 
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Figure 5.6 – Loma Prieta, Gilroy earthquake time histories (unscaled): (a) ground 
acceleration; (b) ground velocity; (c) ground displacement. 
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Figure 5.7 – Loma Prieta, Hollister DA earthquake time histories (unscaled): (a) 
ground acceleration; (b) ground velocity; (c) ground displacement. 
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Figure 5.8 – Loma Prieta, Hollister South and Pine earthquake time histories 
(unscaled): (a) ground acceleration; (b) ground velocity; (c) ground displacement. 
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Figure 5.9 – Loma Prieta, Sunnyvale earthquake time histories (unscaled): (a) ground 
acceleration; (b) ground velocity; (c) ground displacement. 
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Figure 5.10 – Northridge, Canoga Park earthquake time histories (unscaled): (a) 
ground acceleration; (b) ground velocity; (c) ground displacement. 
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Figure 5.11 – Northridge, Canyon earthquake time histories (unscaled): (a) ground 
acceleration; (b) ground velocity; (c) ground displacement. 
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Figure 5.12 – Northridge, Saticoy earthquake time histories (unscaled): (a) ground 
acceleration; (b) ground velocity; (c) ground displacement. 
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Figure 5.13 – Superstition Hills earthquake time histories (unscaled): (a) ground 
acceleration; (b) ground velocity; (c) ground displacement. 
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Figure 5.14 – Pseudo-acceleration response spectra for PEER records scaled to DBE 
seismic input level. 
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Figure 5.15 – Kobe (SAC) earthquake time histories (unscaled): (a) ground 
acceleration; (b) ground velocity; (c) ground displacement. 
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Figure 5.16 – Miyagi-ken-oki (SAC) earthquake time histories (unscaled): (a) ground 
acceleration; (b) ground velocity; (c) ground displacement. 
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Figure 5.17 – Tabas (SAC) earthquake time histories (unscaled): (a) ground 
acceleration; (b) ground velocity; (c) ground displacement. 
 
 126
-1
-0.75
-0.5
-0.25
0
0.25
0.5
0.75
1
0 20 40 60 80 100
Time (sec)
A
cc
el
er
at
io
n 
(g
)
(a)
 
-50
-40
-30
-20
-10
0
10
20
30
40
50
0 20 40 60 80 100
Time (sec)
V
el
oc
ity
 (i
n/
se
c)
(b)
 
-30
-20
-10
0
10
20
30
0 20 40 60 80 100
Time (sec)
D
isp
la
ce
m
en
t  
(in
)
(c)
 
 
Figure 5.18 – Valparaiso (SAC) earthquake time histories (unscaled): (a) ground 
acceleration; (b) ground velocity; (c) ground displacement.
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Figure 5.19 – Pseudo-acceleration response spectra for SAC records scaled to MCE 
seismic input level. 
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Figure 5.20 – Pseudo-acceleration target spectra for the DBE and MCE seismic input 
levels. 
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Figure 5.21 – Prototype frame gusset plate region model: (a) beam-column brace 
connection region; (b) beam-brace connection region. 
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Figure 5.22 – Roof drift time histories for DBE ground motions: (a) Northridge, 
Canoga Park (GM11); (b) Northridge, Canyon (GM12). 
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Figure 5.23 – Displacement profiles at maximum roof drift for DBE ground motions 
Northridge, Canoga Park (GM11) and Northridge, Canyon (GM12). 
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Figure 5.24 – Maximum response envelopes for DBE ground motions Northridge, 
Canoga Park (GM11) and Northridge, Canyon (GM12): (a) story drift; (b) BRB 
maximum ductility demand. 
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Figure 5.25 – Northridge, Canoga Park (GM11) response: (a) displacement profiles; 
(b) story shear profiles; (c) displacement at maximum base shear; (d) displacement at 
maximum roof drift. 
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Figure 5.26 – Northridge, Canyon (GM12) response: (a) displacement profiles; (b) 
story shear profiles; (c) displacement at maximum base shear; (d) displacement at 
maximum roof drift. 
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Figure 5.27 – Maximum DBE response envelopes: (a) story drift; (b) BRB maximum 
ductility demand. 
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Figure 5.28 – Maximum MCE response envelopes: (a) story drift; (b) BRB maximum 
ductility demand. 
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Figure 5.29 – Story shear envelopes: (a) DBE; (b) MCE. 
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Figure 5.30 – DBE time-history statistical displacement data and amplified elastic-
analysis displacement profiles. 
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Chapter 6 
Test Frame Description 
 
6.1 General 
This chapter presents a description of the buckling-restrained braced frame (BRBF) 
that was the focus of the experimental studies, which are presented subsequently in 
Chapters 7 and 8.  This frame, hereafter called the test frame, is approximately a 3/5-
scale version of the one-bay prototype frame that was described in Chapter 2.  Due to 
practical considerations and laboratory constraints, the test frame is not exactly 
equivalent to the scaled-down prototype.  However, the necessary adjustments to the 
test frame were made in such a way that the overall behavior would not be 
significantly impacted. 
 
6.2 Test Frame Geometry 
The scale of the test frame was dictated by the height constraints in the laboratory.  A 
scale factor λ, equal to 3/5, was chosen since it was the largest scale at which the four-
story frame could be constructed and tested.  The scaling relationships between the 
prototype and test frames were defined by holding stress and acceleration constant.  
Thus, length scales by λ, area and force scale by λ2, mass scales by λ2 and time scales 
by λ1/2.  Table 6.1 contains a comprehensive list of the scaling relationships between 
the prototype and the test frames.  
 
Figures 6.1(a) and 6.1(b) shows schematic elevations of the scaled prototype frame 
and the test frame, respectively.  As illustrated in these figures, the only difference 
between these two frames is in the basement story.  The scaled prototype frame 
elevation dimensions are simply those of the prototype frame (Figure 2.2) modified by 
the scale factor λ.  In the test frame, the height and the base boundary conditions were 
changed to accommodate the laboratory constraints. 
 
The adjusted basement story was based on an approximate location of the inflection 
points in the columns.  For the ideal structural element shown in Figure 6.2, a unit 
rotation applied at the one end induces a moment diagram with an inflection point, or 
point of zero moment, at 2/3 of the member length from the end with the applied 
rotation.  Therefore, the equivalent pinned base columns in the test frame will have 
pins at 1/3 the height of the basement story model of the scaled basement columns 
assuming that the ground level displacements are zero and the basement columns are 
fixed at the base.  Thus, the basement level for the scaled prototype frame is 7.5 feet 
tall and has fixed column bases, while the basement story for the test frame is 5 feet 
tall and has pinned column bases. 
 
As shown in Figure 6.1(b), the test frame is four stories tall with the partial-height 
basement story as described above.  The typical story height is 7.5 feet, except for the 
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first story and partial basement story, which are 9 feet high and 5 feet high, 
respectively.  The bay width for the test frame is 18 feet. 
 
6.3 Test Frame Design 
The member sizes for the test frame were determined by applying the scale factor to 
the members from the prototype frame.  As in the prototype frame, the test frame 
beams and columns are wide flange sections made of A992 steel, which has a nominal 
yield stress of 50 ksi.  Actual material properties are discussed later in this chapter.  
Wide flange sections for the beams and columns were selected so that their 
dimensions and properties matched those in the prototype frame as closely as possible.  
However, for economy and simplicity, the column splices used in the prototype frame 
were eliminated and the same section was used for the beams at all levels.  This 
altered version of the prototype frame, called the modified prototype frame, is shown 
in Figure 6.3.  At Levels 3 and 4, the beams are approximately 1/3 stronger and stiffer 
axially in the modified prototype frame than in the prototype frame, and in Stories 3 
and 4, the columns are approximately twice as strong and stiff axially in the modified 
prototype frame than in the prototype frame.  Comparative analyses between the 
prototype frame and the modified prototype frame indicated that the effect of the 
differences in the beam and column sizes was not significant since BRBF system 
behavior is predominantly controlled by the BRB properties.  The fundamental period 
of the modified prototype frame was less than 1% smaller than the fundamental period 
of the prototype frame.  The chosen beam and column sizes for the test frame are 
shown in Figure 6.4, along with information about the BRBs.  Table 6.2 lists actual 
section dimensions for the beams and columns of the test frame.  Figure 6.5 illustrates 
the overall laboratory test frame configuration including the fixtures at the reaction 
points.  These reaction points, along with the loading and bracing systems will be 
described in Chapter 7. 
 
6.3.1 Buckling-Restrained Braces 
The BRBs of the test frame were sized by applying the scale factor, λ, to the brace 
lengths and λ2 to the brace areas of the prototype frame.  The BRB yield forces and 
areas for the core yielding regions are listed in Table 6.3.  The core plates are 
composed of A36 steel, which has a nominal yield stress of 36 ksi.  Since the actual 
yield stress of the plate material used in the BRB cores is 46 ksi, this value was used in 
the design of the test frame BRBs.   Figure 6.6 illustrates the typical configuration for 
the test frame BRBs and defines the dimensional notation.  Tables 6.4, 6.5 and 6.6 list 
the dimensions for the four BRB sizes used in the test frame.  The lengths of the BRB 
yielding regions, Ly, were chosen to provide the appropriate ratio between the yielding 
region length and the overall workpoint length of the BRB.  This ratio is important so 
that a realistic ratio of BRB core deformation to story drift is maintained.  Due to the 
reduced scale used in the test program, the test frame BRBs required careful detailing 
to prevent the yielding regions from becoming too short, which would result in an 
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overly large BRB core deformation to story drift ratio.  The effective BRB axial 
stiffnesses are presented in Table 6.3. 
 
Based on the time-history analyses performed using the prototype frame analytical 
model (see Chapter 5), BRB maximum ductility demands near 15 and 25 were 
anticipated in the experimental simulations at the DBE and MCE seismic input levels, 
respectively.  As a result, the test frame BRBs were specified to accommodate 
maximum ductility demands of 30.  However, if the AISC design prediction had been 
used, the BRBs would have only been detailed for maximum ductility demands of 10. 
 
The fabricator detailed the BRBs with internal clearances allowing maximum ductility 
demands ranging between 29 and 36.  The BRBs for the test frame were fabricated by 
Star Seismic LLC, located in Park City, Utah.  Figure 6.7 shows photographs of the 
BRBs after they were delivered to the ATLSS Center, Lehigh University. 
 
6.3.2 Connections 
6.3.2.1 Overview 
Unlike the test frame members, which were sized by scaling down the prototype frame 
members, the connections in the test frame were designed directly and then scaled up 
to the prototype frame level.  This approach was taken to eliminate the potential 
complications from scaling down the full-scale connection elements.  As the test frame 
connections were designed, the corresponding full-scale prototype connection details, 
such as plate thicknesses and bolt diameters, were kept in mind so that these prototype 
connection details would be realistic in size. 
 
6.3.2.2 Connection Types 
The test frame has three primary types of connections: 
1. Beam-column-brace connections 
2. Beam-brace connections 
3. Level 4 beam-column connections 
Figure 6.8 illustrates these connections and the elements that make up the connections.  
Following is a summary of the primary connection types and the sub-connections that 
they contain: 
1. A beam-column-brace connection is composed of: 
a. A bolted beam splice, which consists of double structural tees and 
A325 splice bolts. 
b. A shop-welded beam stub-column connection made using fillet welds 
on both sides of the beam stub flanges and web. 
c. A field welded column-gusset connection made using fillet welds on 
both sides of the gusset plate. 
d. A field welded beam stub-gusset connection made using fillet welds on 
both sides of the gusset plate. 
e. A pinned brace-gusset connection. 
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2. A beam-brace connection is composed of: 
a. A shop-welded beam-gusset connection made using fillet welds on both 
sides of the gusset plate. 
b. A pinned brace-gusset connection. 
c. Beam gusset plate stiffeners shop welded to the beam bottom flange 
and the beam gusset plate. 
3. A Level 4 beam-column connection is composed of A325 bolts and double 
angles that attach the beam web to the column flange. 
 
In addition, the term beam-column connection will be used below when generally 
discussing the use of rigid or non-rigid connection details.   
 
6.3.2.3 Connection Performance Objectives 
As described in Chapter 1, the superior performance of BRBFs, when compared to 
conventional concentrically-braced frames (CBFs), leads to challenges in connection 
design.  Namely, the connections used in conventional CBFs, particularly beam-
column-brace connections, may not have sufficient deformation capacity so that the 
large deformation capacity of BRBs can be full utilized in BRBFs.  BRBF connections 
must be designed and detailed for demands due to both forces and deformations.  This 
observation was made by Lopez et al. [2002] in relation to several large-scale BRB 
subassembly tests that were conducted at the University of California at Berkeley 
[Aiken et al. 2002].  These test specimens had rigid beam-column connections and 
developed undesirable localized failure modes due to the demands created by the 
connection stiffness.  Similar failure modes were also observed in the full-scale frame 
tests conducted by Tsai et al. [2003a]. 
 
To prevent the types of connection failure modes observed in the previous 
experimental programs, two approaches were considered: (1) beam-column 
connections could be detailed as rigid with the expectation that large moments would 
develop, or (2) connections could be detailed with a moment release (i.e., as a 
“pinned” connection) to limit moment development and to allow rotation to occur with 
minimal restraint.  In the first approach, the connection elements should be designed 
for forces from typical braced-frame action and moments that develop from 
deformation of the beams and columns under story drifts that occur during BRBF 
seismic response.  In the second approach, the connection moment will be much 
smaller than for the rigid connection, but the connection assembly used to create the 
moment release must sustain the anticipated rotational demand while maintaining the 
axial force capacity of the connection. 
 
As discussed in Chapter 1, previous large-scale experimental programs have shown 
that severe distortion of the beam-brace and beam-column-brace connections 
commonly occured when the story drift was between 0.02 and 0.025 radians.  The 
time-history analyses of that are part of the present research, presented in Chapter 5, 
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indicate that story drifts of this magnitude will occur under the DBE.  Since the LS 
performance objective for the DBE seismic input level is to avoid connection damage 
(i.e., local buckling and fracture are not permitted), connection details similar to the 
details used in the previous tests were not acceptable.  Instead, the beam-column-brace 
connections in the test frame were designed to allow rotation to occur and to minimize 
the level of moment that can develop in these connections. 
 
Two primary mechanisms allowed the connections to rotate freely and accommodate 
large story drifts without placing excessive demands on the connections: braces with 
pinned end connections and bolted beam splices between the beams and beam stubs.  
Schematics of the typical beam-column-brace and beam-brace connections are shown 
in Figures 6.9 and 6.10, respectively.  As illustrated in these figures, the BRBs are 
attached to the gusset plates using pins.  The gusset reinforcing plates at the pin holes 
are not needed to satisfy strength or stability requirements, but are necessary to 
provide the proper overall gusset thickness for fitup of the instrumented pins, 
described in Chapter 7. 
 
Additional flexibility at the beam-column-brace connection was introduced by shop 
welding a beam stub to the column, and field bolting the beam to the beam stub using 
double structural tees as the connection elements.  The beam-column gusset plate is 
field welded to the column and beam stub to allow for fit-up tolerances.  This beam-
column-brace connection detail is intended to provide the required axial force capacity 
while minimizing the connection moment.  Slip and deformation at the bolt holes in 
the bolted beam splice allow for rotation to occur between the beam and beam stub 
with minimal moment development.  At higher force levels, the double structural tees 
yield, limiting the demands imposed on the welds at the column face and limiting the 
deformation demands on the gusset plates.  Connection damage is primarily limited to 
the structural tees, which are easy to replace if necessary. 
 
6.3.2.4 Connection Design 
The design of the beam-column-brace connection was performed in several steps 
using a capacity design approach.  First, the welded column-gusset and beam stub-
gusset connections were designed for the maximum anticipated BRB compressive 
axial force using the Uniform Force Method (UFM), as described in the AISC Manual 
of Steel Construction [AISC 2001].  The maximum anticipated BRB compressive 
axial force is equal to: 
 ycmax, PP βω=  (6.1) 
As noted in Chapter 2, values of 1.2 and 1.44 for β and ω, respectively, were chosen 
based on representative BRB tests.  Thus, the connection designs were based on 
compressive brace forces equal to: 
 ycmax, P73.1P =  (6.2) 
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The double structural tees in the bolted beam splice were sized to carry the beam axial 
force corresponding to Pmax,c.  The splice bolts in the structural tee connection were 
designed for a load case consisting of the beam axial force corresponding to Pmax,c, a 
moment equal to the plastic moment, Mp, of the double structural tees and the shear 
due to gravity load, lateral load and brace unbalanced forces.  The splice bolts were 
designed for bearing based conservatively on an elastic analysis of the bolt group.  
Finally, the beam stub and beam-column gusset plate were considered together as one 
assembly and the welded connection between this assembly and the column was 
checked under the combination of Pmax,c , the beam axial force corresponding to Pmax,c, 
and a moment equal to Mp of the double structural tees.  Conservatively, this weld 
group was checked using the maximum combined stress from an elastic stress 
distribution and an allowable stress of 0.3FEXX, where FEXX is the nominal electrode 
strength [AISC 2001].  E70 electrodes were used for all welds. 
 
The welds in the beam-gusset connection were designed based on Pmax,c as defined in 
Equation 6.2, and the maximum anticipated BRB tensile axial force, which is equal to: 
 ytmax, PP ω=  (6.3) 
With ω equal to 1.44 as noted above, the connection designs were based on tensile 
brace forces equal to: 
 ytmax, P44.1P =  (6.4) 
The forces Pmax,c and Pmax,t were applied at the center of the pin holes in the beam 
gusset plate and the resulting eccentricities were considered.  An elastic stress 
distribution was developed and the fillet welds were sized so that the maximum 
combined stress was less than 0.3FEXX. 
 
The Level 4 beam-column connection was designed for the beam axial force 
corresponding to Pmax,c of the Story 4 braces.  Prying action was considered in the 
design of the bolts and angles [AISC 2001].  For the test frame, this connection does 
not transfer much force since the load is applied at the midspan of the Level 4 beam.  
However, in the prototype building, the Level 4 connections transfer collector forces 
from the gravity frames into the BRBF. 
 
The gusset plates and gusset reinforcing plates are composed of A572 Grade 50 steel 
and A36 steel, respectively.  The structural tees, cut from wide flange sections, are 
A992 steel.  Material properties for the gusset plates and tees are described below in 
Section 6.4.2. 
 
6.4 Fabrication 
As mentioned above, the BRBs were fabricated by Star Seismic, LLC.  The beams, 
columns and connection elements were fabricated by Samuel Grossi and Sons, Inc., 
located in Bensalem, Pennsylvania.  The test frame beams are shown in Figure 6.11.  
Gusset plates and stiffeners were welded to the beams in the shop by Samuel Grossi 
and Sons, Inc.  The pin holes in the gusset plates were drilled by Nazareth Machine 
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Works, Inc. in Mount Bethel, Pennsylvania.  Figure 6.12 illustrates the shop 
fabrication work that was done on the columns.  The base plates, stiffeners and all but 
the first floor beam stubs were welded to the columns in the shop by Samuel Grossi 
and Sons, Inc.  The first floor beam stubs were welded to the columns at the ATLSS 
Center using full penetration groove welds and weld access hole details as illustrated 
in Figures 6.13 and 6.14, respectively. 
 
These first-floor connections reflect current practice for joining beams to columns in 
BRBFs.  The full-penetration welds are not required for the beam stub-column 
connection in the test frame since the beam-column-brace connection concept used in 
the test frame limits the moment that can develop at the beam stub-column interface.  
However, these full-penetration welds were included at the first floor level to enable 
further investigation of this connection after the primary experimental program was 
conducted.  This further investigation modified the connection between the beam stub 
and beam to enable it to develop the beam moment capacity, which in turn created 
greater moment demand on the welds at the beam stub-column interface.  As a result, 
the welds at the beam stub-column interface could be studied under greater demands. 
 
6.4.1 Charpy Testing of Weld Metal 
Charpy V-notch impact testing was conducted to verify the toughness of the weld 
metals used in the groove welds shown in Figure 6.13.  The welding procedure, 
specimen fabrication and testing were carried out according to AWS 5.20-95 [AWS 
1995].  Test plates were prepared for the E70T7-K2 and E71T-8 electrodes, which 
were used as indicated in Figure 6.13.  Fifteen Charpy specimens were fabricated for 
both electrodes and three testing temperatures were used.  The data from the impact 
tests are listed in Tables 6.7 and 6.8.  Five specimens were tested at each temperature 
and the highest and lowest results at each temperature were discarded.  As indicated, 
the results for both electrodes satisfied the required criteria of 20 ft-lb at -20 ºF [AWS 
1995] and 40 ft-lb at 70 ºF [AISC 2005].  For all specimens, the energy absorbed is 
plotted versus temperature in Figure 6.15 and the acceptance criteria noted above are 
indicated. 
 
6.4.2 Material Properties 
Tension tests were conducted to establish actual material properties for the structural 
members of the test frame.  Tension coupons were cut from drops remaining after steel 
fabrication was completed.  The coupons were fabricated according to ASTM E8 
[ASTM 1994] and uniaxial tension tests were conducted according to the SSRC 
guidelines [SSRC 1998].  Flat coupons with eight inch gage lengths were cut from the 
columns, beams, and structural tees.  Round A505 coupons one-half inch in diameter 
with two inch gage lengths were cut from the gusset plate material.  For each of the 
rolled shapes, four flange coupons and two web coupons were tested.  Since the 
columns were from two different manufacturers and the beams from the same 
manufacturer but from two different heats, a total of twelve beam and twelve column 
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coupons were tested.  Six gusset plate coupons were tested.  The coupons were tested 
at the ATLSS Center in a Satec 600 kip hydraulic universal testing machine. 
 
Table 6.9 lists average properties for the coupons tested.  The rolled shapes are 
composed of ASTM A992 steel and the gusset plate material is ASTM A572 Grade 
50.  For the beams, the test results for the two heats are lumped together since the 
properties were very similar.  However, the properties for the two columns are 
significantly different.  Representative stress-strain curves for all materials tested are 
presented in Figures 6.16 through 6.22. 
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Table 6.1 – Scaling relationships between prototype and test frames (adapted from 
Herrerra [2005]). 
 
Quantity Units Scaling relationship 
Stress S 1 
Acceleration A=L/T2 1 
Length or displacement L  λ 
Time T λ1/2 
Area L2 λ2 
Section moduli L3 λ3 
Moment of inertia L4 λ4 
Force F=S·L2 λ2 
Moment F·L=S·L3 λ3 
Velocity V=L/T λ1/2 
Mass F/A= S·L·T2 λ2 
 
 
Table 6.2 – Structural steel shape section properties. 
 
d (in) tw (in) bf (in) tf (in) Member 
size Location m.* n.** m.* n.** m.* n.** m.* n.** 
W12x40 Level 4 beam 11.9 11.9 0.32 0.36 7.97 8.01 0.54 0.52 
W12x40 Level 1 beam 
Level 3 beam 
12.0 11.9 0.33 0.36 7.97 8.01 0.56 0.52 
W12x40 Level 2 beam 
Ground level 
beam 
12.0 11.9 0.32 0.36 7.97 8.01 0.54 0.52 
W8x67 North column 8.91 9.00 0.58 0.57 8.28 8.28 0.90 0.94 
W8x67 South column 8.88 9.00 0.56 0.57 8.13 8.28 0.99 0.94 
WT4x14 Connections 3.91 4.03 0.29 0.25 6.56 6.50 0.49 0.40 
*m. = measured 
**n. = nominal 
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Table 6.3 –BRB designs for the test frame. 
 
Designation 
Design yield 
force 
Py 
(kips) 
Area of core 
yielding region* 
Ay 
(in) 
Effective axial 
stiffness 
kBRB 
(kips/in) 
BRB30 30 0.65 270 
BRB60 60 1.3 518 
BRB80 80 1.74 658 
BRB100 100 2.17 694 
* Based on Fy = 46 ksi. 
 
 
Table 6.4 – BRB core dimensions for the test frame. 
Yielding region Transition region 
BRB Thickness 
tcore 
(in) 
Length 
Ly 
(in) 
Width 
by 
(in) 
Length 
Lt 
(in) 
Width 
bt 
(in) 
30 0.5 65 1.30 16.5 10 
60 0.5 64 2.61 14.9 10 
80 0.5 65 3.47 13.9 10 
100 0.5 78 4.35 12.8 10 
 
 
Table 6.5 – BRB overall dimensions for the test frame. 
 
BRB 
Pin-to-pin 
length 
Lp 
(in) 
CFT 
length 
LCFT 
(in) 
Collar 
length 
Lc 
(in) 
Gap 
length 
Lg 
(in) 
End plate 
thickness 
te 
(in) 
30 109 92.5 24 2.0 0.75 
60 107 88.5 24 2.0 0.75 
80 107 88.0 24 2.0 1.0 
100 120 99.0 24 2.0 1.0 
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Table 6.6 – Buckling-restrained brace connection dimensions. 
 
Knife plate Reinforcing plate 
BRB Length 
Lk 
(in) 
Width 
bk 
(in) 
Thickness 
tk 
(in) 
Spacing 
sk 
(in) 
Diameter 
dr 
(in) 
Thickness 
tr 
(in) 
Pin 
diameter 
dp 
(in) 
30 5.0 6.0 1.0 2.0 - - 2.0 
60 6.0 8.0 0.75 2.6875 6.0 0.75 2.75 
80 6.0 8.0 0.75 3.0 6.0 0.625 3.0 
100 7.0 9.0 1.0 3.5 7.5 0.75 3.5 
 
 
Table 6.7 – Charpy test data for E70T7-K2 electrode. 
 
Specimen Test temperature 
(ºF) 
Absorbed energy 
(ft-lb) 
1 76 67.0 
2 76 73.0 (discard) 
3 76 67.0 
4 76 58.0 (discard) 
5 76 71.0 
Average 76 68.3 
6 -20 35.0 (discard) 
7 -20 10.0 (discard) 
8 -20 29.5 
9 -20 25.0 
10 -20 15.0 
Average -20 23.2 
11 0 31.0 (discard) 
12 0 35.0 
13 0 42.0 
14 0 46.0 (discard) 
15 0 45.0 
Average 0 40.7 
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Table 6.8 – Charpy test data for E71T-8 electrode. 
 
Specimen Test temperature 
(ºF) 
Absorbed energy 
(ft-lb) 
1 76 68.5 
2 76 71 (discard) 
3 76 38.0 (discard) 
4 76 55.0 
5 76 62.0 
Average 76 61.8 
6 -20 36.0 
7 -20 38.0 (discard) 
8 -20 31.5 (discard) 
9 -20 35.0 
10 -20 36.0 
Average -20 35.7 
11 0 40.0 
12 0 42.0 
13 0 41.0 
14 0 36.0 (discard) 
15 0 45.0 (discard) 
Average 0 41.0 
 
 
Table 6.9 – Average steel material properties. 
 
Element 
Yield 
stress, Fy 
(ksi)* 
Ultimate 
stress, Fu 
(ksi) 
Strain at 
ultimate 
stress 
Strain at 
failure 
Flange 48.9 70.1 0.150 0.282 Column 1 
(W8x67) Web 51.7 70.7 0.127 0.238 
Flange 59.8 81.5 0.110 0.242 Column 2 
(W8x67) Web 60.5 81.9 0.108 0.212 
Flange 51.3 70.2 0.155 0.267 Beams 
(W12x40) Web 55.3 72.6 0.150 0.255 
Flange 46.2 64.7 0.176 0.296 Tees 
(WT4x14) Web 56.0 72.0 0.151 0.243 
Gusset plates (1 inch thick) 47.8 71.9 0.143 0.302 
* Static yield stress as defined by SSRC [1998]. 
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Figure 6.1 – Schematic elevations: (a) scaled prototype frame; (b) test frame. 
 
 
 
 
 
Figure 6.2 – Basis for adjusted basement story: (a) approximate model of scaled 
prototype frame basement story; (b) approximate model of test frame basement story. 
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Figure 6.3 – Modified prototype frame elevation. 
 
 
 
 
 
 
Figure 6.4 – Test frame member sizes. 
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Figure 6.5 – Laboratory test frame elevation with reaction points. 
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(a) 
 
 
(b) 
 
 
Figure 6.6 – Buckling-restrained brace schematic: (a) side view; (b) top view. 
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(a)  
 
(b)  
 
Figure 6.7 – Buckling-restrained braces for test frame: (a) end view; (b) front view. 
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Figure 6.8 – Connection terminology. 
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Figure 6.9 – Typical beam-column-brace connection detail. 
 
 
 
 
 
Figure 6.10 – Typical beam-brace connection detail. 
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Figure 6.11 – Test frame beams: (a) ground floor; (b) first floor; (c) second floor; (d) 
third floor; (e) fourth floor.
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Figure 6.12 – Test frame column. 
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Figure 6.13 – Level 1 full-penetration welded connection detail. 
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Figure 6.14 – Access hole detail for full-penetration welded connection, based on 
AISC [2005a]. 
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Figure 6.15 – Charpy test data. 
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Figure 6.16 – Typical tensile coupon results for W8x67 column flanges (A992). 
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Figure 6.17 – Typical tensile coupon results for W8x67 column webs (A992). 
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Figure 6.18 – Typical tensile coupon results for W12x40 beam flanges (A992). 
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Figure 6.19 – Typical tensile coupon results for W12x40 beam webs (A992). 
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Figure 6.20 – Typical tensile coupon results for WT4x14 flanges (A992). 
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Figure 6.21 – Typical tensile coupon results for WT4x14 stems (A992). 
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Figure 6.22 – Typical tensile coupon results for 1” thick gusset plate material (A572 
Grade 50). 
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Chapter 7 
Experimental Setup and Test Procedures 
 
7.1 Introduction 
This chapter presents the setup and procedures used in the experimental program, 
including the test fixtures, testing methodology and instrumentation.  The 
experimental results are described in Chapter 8. 
 
7.2 Terminology and Sign Convention 
Figure 7.1 shows an overall photograph of the test setup, looking West, with the test 
frame highlighted in yellow.  Positive displacements and forces are defined to be to 
the South, which is left in this photograph.  Figure 7.2 shows the test frame with the 
loading system and reaction fixtures.  As indicated, the floor levels are referred to as 
Level 1, Level 2, Level 3 and Level 4.  Base refers to the laboratory strong floor level, 
where the columns are anchored to base frames.  The ground level is the location of 
the lowest beam in the test frame.  Story 1 is defined to be the story between Level 1 
and the ground level.  Story x is defined to be the story between Level x and Level x-
1, where x = 1, 2 and 3. 
 
7.3 Test Fixtures 
Most of the test fixtures used in the present study were developed by Herrera [2005] 
for a large-scale experimental program studying moment-resisting frames.  The details 
of the test fixtures are not repeated here, but the important features of the fixtures are 
summarized.  As noted above, Figure 7.1 shows an overall photograph of the test setup 
and Figure 7.2 shows the test frame with the loading system and reaction fixtures.  
Figure 7.3 is an elevation of only the test frame with the in-plane and out-of-plane 
contact points illustrated.  The out-of-plane contact points were points of lateral 
bracing and these points were detailed to minimize friction.  Since the brace points 
were sliding contact surfaces, Teflon was glued on both sides of the sliding contact 
surfaces to allow free relative movement between the surfaces.  The columns were 
braced out of plane at the bases and the floor levels.  The beams were braced out of 
plane at the midspan loading points and at the quarter points to satisfy the AISC 
seismic design criteria for bracing of flexural members [AISC 2005a].  The in-plane 
connection points, which were applied load or reaction points, were designed to 
transfer the anticipated forces.  As noted in Figure 7.3, the applied force at Level x is 
designated Fx.  The horizontal reaction forces at the ground level are designated RGN 
and RGS, for the North and South sides, respectively.  The horizontal and vertical 
reaction forces at the North column base are designated RBN,H and RBN,V, respectively.  
Similar notation, RBS,H and RBS,V, is used for the reaction forces at the South column 
base. 
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7.3.1 Bracing Frame System 
Out-of-plane bracing was provided to the test setup by the two parallel bracing frames.  
Figure 7.4 shows in more detail the East bracing frame and the reaction fixtures.  The 
latter were located midway between the East and West bracing frames and tied into 
the bracing frames.  The West bracing frame was nearly identical to the East frame.  
Double channels tied the East and West bracing frames together and also connected 
the West frame to the East face of the laboratory reaction wall.  The East and West 
bracing frames provided lateral support for the loading beam system, which provided 
lateral support for the test frame beams and columns. 
 
7.3.2 Reaction Points 
The test frame had four reaction points where load was transferred from the test frame 
to the laboratory strong floor.  These reaction points were integrated into the bracing 
frame system described above.  As shown in Figure 7.3, reaction points at the two 
column bases developed horizontal and vertical forces.  At these points, the column 
base plates of the test frame were bolted to clevises.  These clevises were attached to 
the base frames with pins, and the base frames were bolted to the laboratory strong 
floor, as shown in Figure 7.5.  The remaining two reaction points were located at the 
ground floor of the test frame.  At these locations, only horizontal reaction forces were 
developed.  These reactions were transferred through linkages to sets of diagonal 
double angle braces that carried the loads to the strong floor.  The typical arrangement 
of the double angle braces is illustrated in Figure 7.6.  At the North ground level 
reaction point, the linkage transferred the load to the double angle braces through a 
W14x257 spreader beam as shown in Figure 7.7.  At the South ground level reaction 
point, the linkage transferred the load to a W14x455 column section, which transferred 
the load to the double angle braces through a W14x257 spreader beam.  The overall 
arrangement of the South ground level reaction is shown in Figure 7.8(a) and a 
detailed view of the linkage is shown in Figure 7.8(b). 
 
7.3.3 Loading System 
Four servo-controlled hydraulic actuators were used to apply load to the test frame.  
As shown in Figure 7.2, at each floor level of the test frame, one end of the actuator 
was bolted to a fixture on the North reaction wall and the other end was bolted to a 
loading beam that delivered the applied force to the test frame.  The loading beams 
were composed of concrete-filled steel tube (CFT) segments that were post-tensioned 
together.  As shown in Figure 7.9, each actuator was bolted to a spreader beam, which 
was connected to the two parallel loading beams.  These loading beams carried the 
applied load to a transfer beam, which was welded to the top flange of the test frame 
beam at mid span.  A detail of the test frame loading point is shown in Figure 7.10.  
The loading beam was braced laterally by the bracing frame columns as shown in 
Figure 7.11. 
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7.4 Testing Methodology 
7.4.1 Overview 
The experimental earthquake simulations were conducted using a hybrid pseudo-
dynamic testing algorithm.  The pseudo-dynamic algorithm requires an input ground 
motion and analytical definition of mass and damping matrices.  The diagonal mass 
matrix was defined by scaling the tributary mass of the test frame by λ1/2, as 
previously presented in Chapter 6.  The mass matrix for the test frame is given in 
Table 7.1.  Damping was defined by assuming Rayleigh damping with damping ratios 
of 2% in the first and third modes.  The mass matrix and the experimentally 
determined stiffness matrix, given in Table 8.2, were used to define the damping 
matrix, as described in Equation 3.1.  The test frame damping matrix is given in Table 
7.2. 
 
To account for P-Δ effects associated with the gravity load supported by the gravity 
frames of the prototype building, a hybrid testing approach was implemented [Herrera 
2005].  A lean-on column was introduced analytically and coupled with the pseudo-
dynamic testing algorithm.  The lean-on column was defined by four rigid truss 
elements and its geometric stiffness matrix was used to calculate modified restoring 
forces, as described in more detail later in this chapter.  Figure 7.12 illustrates the 
relationship between the experimental test frame and the analytical lean-on column.  P 
is the gravity load vector, which is defined as the floor masses – shown in Table 7.1 – 
multiplied by the acceleration of gravity. 
 
7.4.2 Input Ground Motion Record Selection 
Three seismic input levels were used in the experimental earthquake simulations: 
1. Frequently occurring earthquake (FOE) 
2. Design basis earthquake (DBE) 
3. Maximum considered earthquake (MCE) 
As described in Chapter 5, nonlinear time-history analyses of the prototype frame 
were conducted for the DBE and MCE seismic input levels.  As shown from the 
analysis results, both the DBE and MCE input levels cause significant inelastic 
response in the BRBs.  Since a low level of seismic input was desired for the early 
stage of the experimental program, the seismic input level designated 50% in 50 years 
for a Los Angeles, California site by researchers in the SAC program [Somerville et al 
1997] was chosen for the FOE level.  From the suite of 10 time histories provided in 
this category, the well-known 1971 San Fernando earthquake was chosen.  As noted in 
Table 7.4, the time history in the SAC database [SAC 1997] is from the Hollywood 
Storage FF station and the scale factor is 1.3.  The ground acceleration time history for 
this earthquake is shown in Figure 7.13.  Since the total record is over 60 seconds 
long, and the acceleration levels beyond 20 seconds are small, the record was 
truncated after roughly t = 32 seconds for use in the experimental program.  As 
discussed in Chapter 6, acceleration was held constant between the prototype frame 
 166
and test frame, leading to time being scaled by λ1/2.  Figure 7.14 shows the truncated 
ground acceleration time history, with the time scale reduced based on the scale factor. 
 
For the DBE and MCE earthquake simulations, ground acceleration records were 
selected from those used in the time-history analyses.  For the DBE simulation, a 
record was desired that satisfied the following criteria: 
1. The time-history analysis results for the record produced primary maximum 
response quantities (roof drift, story drift and BRB maximum ductility 
demand) between the mean and the mean plus one standard deviation for the 
suite of ground motions used in the simulations. 
2. The record was scaled to the DBE level using a scale factor near one. 
3. The time-history analysis for the record resulted in small residual drift. 
The 1994 Northridge Saticoy ground motion best satisfied these criteria. 
 
For the MCE simulation, a record was desired that satisfied the following criteria: 
1. The time-history analysis results for the record produced primary maximum 
response quantities (roof drift, story drift and BRB maximum ductility 
demand) near the mean plus one standard deviation for the suite of ground 
motions used in the simulations. 
2. The record was scaled to the MCE level using a scale factor near one. 
Again, the 1994 Northridge Saticoy ground motion best satisfied these criteria.  As a 
result, this ground motion was chosen for both DBE and MCE simulations.  The 
ground acceleration time history with the time scale modified by λ1/2 is shown in 
Figure 7.15.  The acceleration values in this plot are unscaled.  As shown in Table 7.4, 
scale factors of 0.89 and 1.33 were applied to the acceleration values for the DBE and 
MCE simulations, respectively.  After the MCE simulation, an aftershock simulation 
was conducted.  The 1994 Northridge Saticoy ground motion was also used as the 
input for this simulation.  As discussed in Chapter 8, this simulation was conducted 
with the ground acceleration scaled to 80% of the DBE. 
 
7.4.3 Pseudo-Dynamic Algorithm 
As mentioned above, the experimental earthquake simulations were conducted using 
the pseudo-dynamic testing method [Mahin and Shing 1985].  In this method, the test 
structure is discretized with a finite number of degrees of freedom and the time-
varying response is governed by the following equations of motion: 
 ma(t) + cv(t) + r(t) = p(t) (7.1) 
where m and c are the analytically defined mass and damping matrices, respectively, 
a(t) and v(t) are the acceleration and velocity vectors, respectively, and r(t) and p(t) 
are the restoring force and external load vectors, respectively.  For the case of 
earthquake excitation, the external load vector is defined as: 
 p(t) = -mιag(t) (7.2) 
where ι is an influence vector and ag(t) is the input ground acceleration.  The explicit 
Newmark algorithm was used to solve the time-discretized equations of motion and to 
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determine the displacements to be imposed on the test frame.  The algorithm is 
summarized in Figure 7.16.  At time step i+1, the displacement vector is calculated as: 
 i
2
ii1i 2
tt avdd Δ+Δ+=+  (7.3) 
where Δt is the time step and di, vi and ai are the displacement, velocity and 
acceleration vectors at time step i, respectively.  After application of the displacement 
vector di+1 from Equation 7.3, the restoring force vector, ri+1, is measured by the 
actuator load cells. 
 
As noted above, P-Δ effects were analytically introduced into the testing algorithm 
[Herrera 2005].  The geometric stiffness of the lean-on column, defined by four rigid 
truss elements, is used to calculate modified restoring forces.  The modified restoring 
force vector, * 1i+r , is then carried forward in the integration scheme.  The acceleration 
and velocity vectors for time step i+1 are calculated as: 
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where pi+1 is the external load vector for time step i+1.  The calculation of ai+1 and vi+1 
completes the time step i+1, and the process is repeated for the subsequent time steps.  
In order to prevent error propagation due to slight differences between target and 
actual displacements, the calculated target displacement vector, di+1 as defined in Eq. 
7.1, rather than the measured displacement at time i+1, is carried forward as di in the 
next time step. 
 
The overall control algorithm, summarized in Figure 7.17, was implemented in the 
TestPoint software program [CEC 2003], which was used to drive an MTS 458 analog 
controller with PID control.  This control scheme was developed by Herrerra [2005] 
and adapted for the present research program.  As illustrated in Figure 7.17, the 
control algorithm consists of three nested loops.  The outer loop consists of the 
pseudo-dynamic algorithm described above and illustrated in Figure 7.16.  The 
primary purpose of the outer loop is to determine the target displacements for the test 
frame.  The middle loop takes the target displacement vector, di+1, and incrementally 
sends commands to the MTS 458 controller until the absolute value of the difference 
between the current measured displacement vector, dm, and the target displacement 
vector are less than or equal to the displacement tolerance vector, dtol.  When this 
relationship is satisfied, convergence is defined to be achieved for time step i+1.  
 
In the middle loop, a fraction of the difference between the current frame position and 
the target position for the time step is sent as a command.  This procedure was 
introduced so that the test frame approaches the target asymptotically and 
overshooting is prevented.  The convergence factor α, noted in Figure 7.17, controls 
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the process of incremental displacement application.  A value of α = 0.8 was used in 
all experimental earthquake simulations.  As described above, convergence in the 
middle loop is determined by requiring the difference between the current frame 
position and the target position to be below a defined tolerance.  Based on the use of 
16-bit analog-to-digital and digital-to-analog converters in the control system, voltages 
below 0.5 mV can be converted.  However, using a very tight tolerance also 
significantly increases the time required for the control algorithm to converge.  Based 
on a pre-test evaluation of convergence time, a voltage tolerance of about 1.4 mV was 
used for all of the experimental earthquake simulations.  For the 36” and 38” 
displacement transducers used to control the actuators, this voltage tolerance is 
equivalent to displacement tolerances of 0.0025” and 0.0027”, respectively.  During 
the middle loop, while successively smaller increments of displacement are applied to 
bring the difference between the current displacements and the target displacements 
for the time step under the tolerances, data is being recorded by the data acquisition 
system.  This leads to two sets of data for the pseudo-dynamic tests: 
1. The data points collected during the entire test, 
2. The data points collected at the ends of the time steps only. 
The use of these two sets of data will be discussed in Chapter 8. 
 
The inner loop of the control algorithm is a PID servo-control loop that moves the 
actuators to the specified positions.  The P, I and D values for the MTS 458 were 11, 1 
and 0, respectively. 
 
Since the Newmark method used in the pseudo-dynamic testing procedure is an 
explicit algorithm, it is conditionally stable.  Thus, the integration time step must be 
small enough to prevent numerical instability.  For linear elastic systems, the stability 
limit requires that the integration time step, Δt be limited to: 
 π≤Δ
Tt  (7.6) 
where T is the smallest natural period of the system [Mahin and Shing 1985].  In 
addition, the time step may need to be smaller than the stability limit to ensure the 
accuracy of the solution.  The accuracy limit is not a value that can be predetermined 
even for linear elastic systems.  For nonlinear systems, there is no closed-form 
expression for determining the stability limit.  However, Mahin and Shing [1985] 
suggest that the Δt selected assuming that the system remains in the linear elastic 
range will typically be conservative for a softening nonlinear system.  Thus, for the 
test frame considered in the present study, the stability limit time step is approximately 
equal to 0.05 seconds.  This time step is based on the fourth-mode period of 0.14 
seconds, described in Chapter 8. 
 
Numerical simulations were conducted using the explicit Newmark method and a 4-
story shear building model with bilinear story properties to evaluate the effect that the 
time step size has on the accuracy of the solution.  The model properties were 
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determined from a static pushover analysis using a DRAIN-2DX model of the test 
frame.  Integration time steps of 0.0155 seconds and 0.00755 seconds were 
considered.  The changes in the maximum floor displacements between the two 
simulations were typically less than 1%, and less than 2% for all cases.  Considering 
the approximate nature of the model, these two cases were deemed to be in good 
agreement and an integration time step of 0.0155 seconds was chosen for all 
simulations.  Since, the earthquake record time was scaled by λ1/2 (0.61/2), this 
simulation time step corresponds to 0.02 seconds at full scale. 
 
7.5 Instrumentation 
199 instrumentation channels were used to record data during the experimental 
program.  The instruments included: 
• 32 rotation meters 
• 45 load cells 
o 6 axial load cells 
o 12 instrumented pins 
o 27 full bridges 
• 56 individual strain gages 
• 66 linear displacement transducers 
 
The layout of the rotation meters, axial load cells and instrumented pins is illustrated 
in Figure 7.18.  As shown, rotation meters measured rotations at the actuators, the 
connection regions, the column bases and the potential plastic hinge regions in the 
columns.  Load cells measured the applied actuator forces and horizontal reaction 
forces at the ground level.  Instrumented pins measured brace forces and horizontal 
reaction forces at the column bases.  Strain gages arranged in full bridge 
configurations measured axial forces and moments in the test frame beams.  The 
locations of these full bridges are shown in Figure 7.19, which also identifies the 
locations of individual strain gages.  On both columns, eight individual strain gages 
were installed just above the ground floor level in the potential plastic hinge regions to 
check for yielding and local buckling.  Sets of four strain gages were installed on the 
braces in Stories 1 and 2 to verify that no appreciable axial loads were carried by the 
casings around the brace cores.  Two strain gages were installed on each beam gusset 
plate to check for out-of-plane distortion.  In the ground and first floor connection 
regions, strain gages were installed to check for local distortion and high strain 
concentration. 
 
Five linear variable displacement transducers (LVDTs) were placed on each brace to 
measure axial deformation.  The typical LVDT configuration is shown in Figure 7.20.  
Four LVDTs were fixtured on the BRB collars and used to measure relative 
displacement between the collars and the center of the BRB.  One LVDT measured 
overall relative displacement between the collars.  To exclude error due to out-of-
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plane brace movement (i.e., in the East-West direction), the reported brace 
deformations are equal to the sum of the four collar-to-center LVDTs divided by two. 
 
At each floor level, two large-stroke displacement transducers were used to measure 
the relative test frame floor displacement.  These transducers were fixtured to the 
bracing frame and attached to the test frame beams at midspan.  Thus, these 
measurements are designated as relative floor displacements since they are taken 
relative to the bracing frame.  Two transducers were used at each floor level for 
redundancy and were designated North and South based on their location on the test 
frame.  The measurements from these pairs of transducers were in very close 
agreement, and the four North end instruments (i.e., one at each floor level) were used 
in the control algorithm.  These displacements are called the current measured relative 
test frame floor displacements and are designated by the vector mrd . 
 
Since the floor displacement transducers were fixtured on the bracing frame, a second 
set of measurements was required to determine the absolute test frame displacements.  
At each floor level, two LVDTs were used to measure the in-plane movement of the 
bracing frame.  These LVDTs were fixtured on an external instrumentation frame – 
shown in Figure 7.18, which was independent of the bracing frame.  The pairs of 
instruments were averaged to define the current measured bracing frame displacement 
at each floor level, defined by the vector mBFd .  The total test frame floor displacements 
were determined by adding the vector of relative floor displacements to the vector of 
bracing frame displacements.  At any instant in time, the current measured test frame 
floor displacements are defined as: 
 mBF
m
r
m ddd +=  (7.7) 
This variable was previously defined in the discussion of the testing control algorithm, 
and it is the reported floor displacement variable for all tests. 
 
At the ground level, LVDTs were placed at the North and South ends of the frame to 
measure movement.  These displacements were averaged to define the displacement of 
the ground level, called dG.  The sign convention for all displacement is positive in the 
South direction. 
The story displacement for Story x was calculated by subtracting the displacement for 
Level x-1 from the displacement for Level x.  For Story 1, the story displacement was 
calculated by subtracting the ground level displacement from the displacement for 
Level 1.  The story drift was calculated by dividing a given story displacement by the 
corresponding story height.  The story shear force for a given story was calculated by 
summing the actuator forces above that story. 
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Table 7.1 – Test frame mass matrix. 
 
Floor 1 2 3 4 
1 0.831 0 0 0 
2 0 0.831 0 0 
3 0 0 0.831 0 
4 0 0 0 0.603 
Note: units of coefficients are kip-second2/inch. 
 
 
Table 7.2 – Test frame damping matrix. 
 
Floor 1 2 3 4 
1 1.13 -0.504 -0.013 0.011 
2 -0.504 1.18 -0.426 0.005 
3 -0.013 -0.426 0.921 -0.294 
4 0.011 0.005 -0.294 0.479 
Note: units of coefficients are kip-second/inch. 
 
 
Table 7.3 – Lean-on column gravity loads. 
 
Floor P (kips) 
1 321 
2 321 
3 321 
4 233 
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Table 7.4 – Pseudo-dynamic earthquake simulation test matrix. 
 
Test 
# 
Earthquake Station Source File Scale 
Factor 
Hazard 
1 1971 San 
Fernando 
Hollywood 
Storage FF 
lsfhsbf.p45* 1.3 FOE – 50% in 
50 years 
2 1994 
Northridge 
Saticoy, 
180 
Nrnrg180.acc** 0.89 DBE – 2/3 of 
MCE 
3 1994 
Northridge 
Saticoy, 
180 
Nrnrg180.acc** 1.33 MCE – 2% in 
50 years 
4 1994 
Northridge 
Saticoy, 
180 
Nrnrg180.acc** 0.71 Aftershock – 
80% of DBE 
* From SAC database.  Source file was adjusted by the scale factor. 
** From PEER database.  Source file is unscaled. 
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Figure 7.1 – Overall view of test setup with test frame highlighted. 
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Figure 7.2 – Test frame with loading system and reaction fixtures. 
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Figure 7.3 – Test frame loading, reaction and bracing points. 
 176
 
 
Figure 7.4 – Bracing frame system (adapted from Herrera [2005]). 
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Figure 7.5 – Typical column base reaction point clevis and base frame (adapted from 
Herrera [2005]). 
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Figure 7.6 – Typical ground reaction point spreader beam and braces(adapted from 
Herrera [2005]). 
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Figure 7.7 – Ground reaction linkage (North side). 
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 (a)  
 
 
 (b) 
 
Figure 7.8 – Ground reaction linkage (South side): (a) overall view; (b) detail. 
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Figure 7.9 – Loading beam system (adapted from Herrera [2005]). 
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Figure 7.10 – Detail of test frame loading point (reproduced from Herrera [2005]), 
Section A-A from Figure 7.9. 
 
1" Ø Threaded Rod (Typ.)
1'-1 34"
8"
8"
2'-6" 2'-6"
Grout
Teflon
test structure beam
LC
W12 X 87 W12 X 87
2" Plate
1" Plate
1'-1 34"
Loading Beam Loading Beam
1 14" Ø Dywidag
Rod (Typ.)
HSS 12x12x1/4
PVC Pipe (Typ.)
Concrete
CL CL
LC
LC
 
 
Figure 7.11 – Detail of loading beam bracing at columns (reproduced from Herrera 
[2005]). 
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Figure 7.12 – Hybrid testing relationship between experimental test frame and 
analytical lean-on column (adapted from Herrera [2005]). 
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Figure 7.13 – 1971 San Fernando Hollywood Storage FF (SAC) earthquake ground 
acceleration time history (acceleration scaled to 50% in 50 years). 
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Figure 7.14 – 1971 San Fernando Hollywood Storage (SAC) earthquake ground 
acceleration time history with time scaled down (acceleration scaled to 50% in 50 
years). 
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Figure 7.15 – 1994 Northridge Saticoy earthquake ground acceleration time history 
with time scaled down (acceleration unscaled). 
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Figure 7.16 – Pseudo-dynamic hybrid testing algorithm using the explicit Newmark 
method (adapted from Herrera [2005]). 
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Figure 7.17 – Control algorithm (adapted from Herrera [2005]). 
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Figure 7.18 – Layout of rotation meters, axial load cells and instrumented pins. 
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Figure 7.19 – Layout of individual strain gages and full bridges. 
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Figure 7.20 – Layout of BRB LVDTs. 
 
Chapter 8 
Experimental Behavior and Performance 
 
8.1 Introduction 
This chapter describes the experimental behavior and performance of the test frame.  
The first phase of the experimental program consisted of elastic stiffness evaluation.  
Following this phase, four earthquake simulations were conducted: a frequently 
occurring earthquake (FOE), a design basis earthquake (DBE), a maximum considered 
earthquake (MCE) and an aftershock earthquake equivalent to 80% of the DBE.  The 
test frame behavior is described in terms of structural response quantities and these 
response quantities are evaluated against the performance objectives established in 
Chapter 5.  In addition, pertinent physical observations are reported and documented 
with photographs.  The elastic stiffness of the test frame was also evaluated after each 
earthquake simulation.  Comparison of experimental behavior with analytical models 
is described in Chapter 9. 
 
8.2 Background 
During the experimental earthquake simulations, data were collected automatically by 
a data acquisition system.  Data collection was initiated by two types of triggers, floor 
displacement increment and applied force increment, and at the end of all pseudo-
dynamic time steps.  The typical triggers for floor displacement increment and applied 
force increment were 0.1 inches and 10 kips.  Two primary data sets of interest exist 
for each test: 
1. The data points collected during the entire test, 
2. The data points collected at the ends of the time steps only. 
 
The data sets are very similar, but they must be distinguished so that data 
interpretation is clear.  In general, the data points from the ends of the time steps, 
hereafter called the time step data, will be used when evaluating the earthquake 
simulation results and correlating with analytical models.  For certain specific cases, 
such as evaluating the maximum demands imposed on the test frame, the total set of 
data points will be used. 
 
As discussed in Chapters 6 and 7, the time scale for the input earthquake acceleration 
records was scaled by the factor λ1/2 (0.61/2).  In the following description of 
experimental behavior, the reference time scales are based on this scaled time scale. 
 
8.3 Elastic Stiffness Evaluation 
The first phase of the experimental program was aimed at evaluating the elastic 
stiffness of the test frame.  The results were used as a basis for comparison with 
analytical models and a means of evaluating degradation of the test frame throughout 
the earthquake simulations.  The stiffness evaluation procedure was conducted after 
each earthquake simulation. 
  190
8.3.1 BRB Initial Force Measurement 
Before the initial elastic stiffness evaluation was conducted, readings were taken from 
the BRB instrumented pins to determine the initial forces in the BRBs.  These initial 
forces are listed in Table 8.1, along with the BRB forces recorded after each 
earthquake simulation.  As shown, all of the BRBs were initially in compression, with 
force values typically between 10 and 15 kips.  The effect that these forces had on the 
stiffness evaluation procedure will be discussed later in the chapter. 
 
8.3.2 Behavior of Ground Reaction Points 
In the early stages of the elastic stiffness evaluation, flexibility at the ground level was 
noted due to the pin-clevis reaction linkage, shown in Figure 8.1.  Small fit-up 
tolerances at the pin-clevis interfaces led to regions of behavior in which ground 
displacements occurred without reaction forces developing.  These “dead spots” are 
the flat regions illustrated in Figure 8.2.  This behavior is undesirable, particularly 
during the elastic stiffness evaluation, since it affects the forces required to produce 
specified displacements of the floor levels. 
 
To alleviate the effects of the fit-up tolerances in the ground level reaction linkages at 
low load levels, the reaction points were loosened, shimmed and re-tightened so that 
initial tension forces were induced in the linkages.  These tension forces were equal to 
87 kips at both the North and South reaction points.  Thus, a new linear range was 
created, as illustrated in Figure 8.3.  As calculated from linear regression analysis of 
these data, the effective spring stiffness for the ground level reaction points is 2100 
kips/inch.  This stiffness was used in the analytical model of the test frame. 
 
8.3.3 Stiffness Evaluation Procedure 
The elastic stiffness of the test frame was evaluated with the system idealized as a four 
degree of freedom system.  The procedure for constructing the 4x4 stiffness matrix is 
described as follows: 
1. For each horizontal floor displacement degree of freedom (DOF), x, the 
displacement, dx, was set equal to 0.1 inches while holding the displacement at 
all other DOFs equal to zero. 
2. The forces at all four DOFs, F1x to F4x, corresponding to the condition 
described in Step 1, were recorded.  These forces are the forces in the four 
actuators. 
3. The stiffness coefficients, k1x to k4x, were determined by dividing the forces, 
F1x to F4x, by the applied displacement, dx. 
4. Steps 1 through 3 were repeated for each DOF (x = 1 to 4).  The resulting 
stiffness coefficients were assembled to form the “raw” experimental stiffness 
matrix. 
5. To develop a symmetrical experimental stiffness matrix (kxy = kyx), the 
corresponding off-diagonal terms from the raw stiffness matrix were averaged. 
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The stiffness matrices constructed in this manner are presented in Tables 8.2 to 8.6 for 
the initial, post-FOE, post-DBE, post-MCE and post-aftershock states, respectively.   
 
In addition to comparing the stiffness matrices over the course of the experimental 
program, natural periods were also compared.  To calculate natural periods, the mass 
matrix associated with the test frame and its tributary area, defined in Chapter 7, was 
used in conjunction with the experimental stiffness matrix to conduct an eigenvalue 
analysis.  The natural periods calculated in this manner are presented in Table 8.7.  
The initial calculated fundamental period of the test frame was 0.71 seconds.  The 
deviations in natural period throughout the testing program will be discussed later in 
this chapter.  The mode shapes associated with the initial natural periods listed in 
Table 8.7 are plotted in Figure 8.4. 
 
8.3.4 BRB Stiffness Evaluation 
During the global stiffness evaluation of the test frame, the effective stiffness values of 
the BRBs were also evaluated and compared to the theoretical stiffness values.  These 
stiffnesses are reported in Table 8.8 along with the theoretical stiffnesses.  In general, 
the agreement is good, with a maximum variation of 12 % occurring in the Story 2 
South BRB. 
 
8.4 Pseudo-Dynamic Earthquake Simulations 
8.4.1 Frequently Occurring Earthquake (FOE) 
The first earthquake simulation level was designated the frequently occurring 
earthquake (FOE).  This name was used by Herrera [2005] in a large-scale 
experimental program on moment-resisting frames.  The input ground acceleration 
record chosen for this simulation was recorded during the 1971 San Fernando 
earthquake at the Hollywood Storage FF station.  This record is part of the SAC suite 
of earthquake records scaled to a hazard level representing a 50% chance of being 
exceeded in 50 years for a Los Angeles, California site [SAC 1997, Somerville 1997].  
More information about this record is given in Chapter 7.  As noted in Chapter 7, the 
record was truncated to keep the simulation from being unreasonably long, and 
because the latter portion of the record would have induced only low-level elastic 
response. 
 
8.4.1.1 Response Summary 
The floor displacement histories for the FOE simulation are shown in Figure 8.5.  In 
this and all other simulations, positive displacements are displacements to the South 
direction.  As illustrated, the displacement magnitudes were slightly greater in the 
negative (North) direction, and residual displacements developed in this direction.  
Figure 8.6 shows that the ground level linkages began to overcome the pretension 
when the reaction forces were at their maximum values, but the linkage behavior was 
in the linear range for nearly the entire simulation.  At time, t = 7.58 seconds, after the 
maximum displacement peak in the negative direction occurred, the test was paused 
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for observations.  The only significant observation was slight yielding in the structural 
tees at the bolted beam splice connections, shown in Figure 8.7.  This type of yielding 
was observed in the bolted beam splice connections at Level 2 North, Level 2 South, 
Level 3 North and Level 3 South.  As shown in Table 8.11, the maximum drift for 
Story 1 was significantly smaller than the drifts for the upper three stories.  This 
difference in story drift explains the lack of yielding at the Level 1 connections.  The 
bolted double angles in the Level 4 beam-column connections also did not experience 
any yielding. 
 
Figure 8.8 plots the maximum story drift and story shear response envelopes for the 
FOE simulation.  As illustrated in Figure 8.8(b), the maximum story shears are very 
close to the design story shears.  The maximum base shear, which occurred at t = 2.46 
seconds, was 154 kips (see Table 8.9).  The resulting system overstrength factor, Ω0, 
which is the ratio of the maximum base shear divided by the design base shear, is 
equal to 1.12 (see Table 8.10).  As shown in Table 8.12, the maximum roof drift (the 
displacement of Level 4 divided by the height of Level 4 above the ground level), 
which occurred at t = 7.02 seconds, was 0.0044 radians. The maximum story drift, 
which occurred in Stories 3 and 4, was 0.0057 radians.  Due to the nature of the 
inelastic demand on the test frame, the permanent displacements at each floor level 
shown in Table 8.13 remained after the test was completed.  As shown in Table 8.15, 
the residual roof drift was -0.0013 radians, where the negative sign indicates the North 
direction, and the maximum residual story drift was -0.0018 radians, in Story 4 (see 
Table 8.14).  Figures 8.9 and 8.10 plot displacement, story shear and overturning 
moment response profiles at the time of maximum base shear and roof drift, 
respectively.  The floor displacement profiles indicate that first-mode response was 
dominant.  This conclusion is further illustrated by the story drift time histories 
presented in Figure 8.11.  As shown, the story drifts for all stories tracked along a 
similar path throughout the simulation.  The most notable difference is in Story 4, 
where the drift was significantly larger in the negative direction. 
 
Figure 8.12 plots the story shear-drift response for all four stories.  The minimal 
amount of hysteresis in these plots indicates that there was not much inelastic response 
under the FOE.  This conclusion is supported by the BRB response plots in Figures 
8.13, 8.14 and 8.15.  Figures 8.13 and 8.14 illustrate the actual response of all eight 
braces and Figure 8.15 illustrates normalized response (P/Py versus Δ/Δy).  As shown 
in Table 8.16, the largest BRB maximum ductility demand, which occurred in the 
Story 4 North BRB, was equal to 4.7.  The largest BRB cumulative ductility demand 
for any brace in the test frame was equal to 32, also occurring in the Story 4 North 
BRB (see Table 8.17). 
 
Of note is the difference in behavior between the North and South BRBs in Story 4.  
In the lower three stories, ductility demands (maximum and cumulative) were very 
similar for the North and South Braces.  However, in Story 4, the South BRB 
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developed larger forces and smaller deformations, as shown in Tables 8.16, 8.17 and 
8.18.  This difference in behavior is also evident in Figure 8.15(d).  These results show 
that when a strength difference exists between the braces in a pair of chevron braces, a 
significant concentration of deformation can occur in the weaker brace. 
 
The BRB maximum force ratios (Pmax/Py) for tension and compression are reported in 
Table 8.18.  The maximum force ratios were 1.13 and 1.37 for tension and 
compression, respectively, and both of these values occurred in the Story 4 South 
BRB.  It is important to note that the behavior of this brace under compressive 
deformations (defined with respect to the initial position) was unusual (see Figure 
8.15(d)).  Specifically, the brace strength in this region was larger than expected, and a 
well-defined yield point was never observed.  This behavior was probably caused by a 
mechanical irregularity inside the brace.  Due to the small required strength of the 
Story 4 braces, the yielding region of the core of these braces was only 0.5 inches by 
1.3 inches.  Therefore, the irregular behavior is not expected to be an issue for full size 
braces, since the Story 4 BRBs were significantly smaller than those typically used in 
practice and those typically produced by the brace fabricator. 
 
As discussed in Chapter 1, an important BRB characteristic parameter, which is 
determined through BRB testing and used in design, is the compression strength 
adjustment factor, β.  Typically, β is calculated as the ratio of the maximum 
compression and tension forces recorded during the qualification testing protocol for a 
single BRB.  The primary purpose of β is to predict the vertical load that must be 
resisted by the beam in a chevron brace configuration due to unbalanced BRB forces.  
In the present research program, β values can be determined directly by calculating the 
force ratios between story BRB pairs at points of maximum BRB force.  Table 8.19 
lists β values for all earthquake simulations.  The values reported in this table were 
calculated by finding the maximum compression force for the BRB being considered 
and dividing it by the tension force for the corresponding BRB in the same story at the 
same time.  As noted above, unusual behavior was noted in the Story 4 BRBs, leading 
to a β value in the Story 4 South BRB that is much higher than normal.  This value 
was not considered in evaluating the performance of the braces.  Excluding the Story 4 
South BRB, the maximum β value for the FOE simulation was 1.15, occurring in the 
Story 1 South brace. 
 
Figure 8.16 plots combined hysteretic and elastic strain energy for the test frame 
during the FOE simulation.  The combined hysteretic and elastic strain energy time-
history is calculated for a given story by integrating to find the cumulative area within 
the story shear-displacement response at the end of every time step.  In closed form, 
the story energy is defined as: 
  (8.1) ∫ Δ= storystorystory dVE
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where Vstory and Δstory are the story shear and story displacement, respectively.  The 
integration described in Equation 8.1 was performed numerically with the cumulative 
story energy at time step N defined by: 
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As illustrated in Figure 8.16, Story 2 dissipated the most energy.  Stories 1 and 3 
dissipated similar amounts of energy, while Story 4 dissipated the least energy.  
Almost all of the energy dissipation in the structure occurred in the BRBs, as 
illustrated in Figure 8.17.  The BRB energy was calculated using the same approach 
described above for story energy.  For an individual BRB, the combined hysteretic and 
elastic strain energy is defined as: 
  (8.3) ∫ Δ= BRBBRBBRB dFE
where FBRB and ΔBRB are the BRB axial force and axial displacement, respectively.  
The integration described in Equation 8.3 was performed numerically with the 
cumulative BRB energy at time step N defined by: 
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The total energy plotted in Figure 8.17 is the sum of the four story energy quantities, 
and the BRB energy is the sum of the eight BRB energy quantities. 
 
8.4.1.2 Performance Evaluation 
Since the performance based design objectives focused only on the DBE and MCE 
seismic input levels, no specific performance objectives were established for the FOE.  
However, the basic expectation for a building subjected to a FOE level ground motion 
is that the building will have very minimal structural damage and will be returned to 
service soon after the earthquake, meeting the IO performance level quantitatively 
described earlier in this chapter.  The test frame performed well and the maximum 
residual story drift was less than 0.002 radians.  Since the residual story drifts are less 
than the 0.002 radian allowable out-of-plumb construction tolerance for steel columns 
[AISC 2005b] that were discussed in Chapter 5, it appears that the IO performance 
level was achieved.  All of the BRBs performed well during their initial inelastic 
cycles.  Based on strain gage data, no yielding occurred outside of the BRBs.  The 
only unexpected result was the difference in behavior between the North and South 
BRBs in Story 4.  Excluding the unusual behavior observed in Story 4, the maximum 
β value of 1.15 meets the criterion of β ≤ 1.3 established in the AISC Seismic 
Provisions [AISC 2005a]. 
 
8.4.2 Design Basis Earthquake (DBE) 
The second earthquake simulation level was the design basis earthquake (DBE).  The 
DBE is the hazard level upon which the IBC 2000 [ICC 2000] seismic provisions are 
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based, and it is defined to be 2/3 of the maximum considered earthquake (MCE).  The 
input ground acceleration record chosen for this simulation was recorded during the 
1994 Northridge earthquake at the Saticoy station.  This ground acceleration record is 
part of the PEER ground motion database [PEER 2000].  A scale factor of 0.89 was 
applied to this record to modify it to the DBE hazard level.  More information about 
the record is contained in Chapter 7. 
 
Since the DBE simulation was intended to represent an earthquake affecting an 
undamaged structure, the residual displacements that remained after the FOE were 
eliminated by straightening the test frame.  This was accomplished by pushing the test 
frame past yield in the positive direction to predetermined displacements that would 
allow the frame to return to the original zero position after elastic recovery.  After the 
test frame was straightened, the residual story drifts were 0.001 radians or less.  As a 
result, the initial values of floor displacement, story drift and story shear were assumed 
to be zero for the DBE simulation.  The residual forces and deformations that 
remained in the BRBs after the FOE simulation and the straightening of the test frame 
were recorded and included as the initial conditions for the DBE simulation data. 
 
8.4.2.1 Response Summary 
The floor displacement histories for the DBE simulation are shown in Figure 8.18.  As 
illustrated, the displacement response was significantly biased towards the negative 
(South) direction.  Considerable residual drift was also produced in this direction.  
Figure 8.19 shows that the ground level linkages overcame their initial pretension.  
The dead spots occurred at force levels very close to the values of the initial linkage 
tension forces.  At t = 3.26 seconds, after the first large displacement peak in the 
negative direction, the test was paused for observations.  The only significant 
observation was yielding in the double structural tees of the bolted beam splices, 
shown in Figures 8.20 to 8.22.  This type of yielding was observed in the North and 
South bolted beam splices at Levels 1, 2 and 3.  The bolted double angles in the Level 
4 beam-column connections did not experience any yielding.  Figure 8.23 shows the 
relative displacement between the South collar and the body of the South BRB in 
Story 2 at t = 3.26 seconds.  As illustrated by the scale, this relative displacement is 
approximately one inch, which corresponds to roughly half of the total axial 
deformation of the BRB core at that time. 
 
Figure 8.24 shows the test frame at t = 5.19 seconds, just prior to reaching the 
maximum roof drift of 0.021 radians at t = 5.21 seconds.  At t = 5.30 seconds, the test 
was paused for observations.  No appreciable changes from the previous observations 
were evident. 
 
Figure 8.25(a), which plots the maximum story drift envelopes for the DBE 
simulation, shows that story drift was greatest in Story 2.  As shown in Table 8.11, the 
maximum story drift for Story 2 was 3.0%.  The maximum roof drift was 0.021 
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radians (see Table 8.12).  As illustrated in Figure 8.25(b), the maximum story shears 
were significantly greater than the design story shears.  The maximum base shear, 
which occurred at t = 3.07 seconds, was 227 kips (see Table 8.9).  The resulting 
system overstrength factor, Ω0, is equal to 1.65 (see Table 8.10).  Due to the nature of 
the inelastic demand on the test frame, the permanent floor displacements shown in 
Table 8.13 remained after the test was completed.  As shown in Table 8.15, the 
residual roof drift was -0.011 radians, where the negative sign indicates the North 
direction, and the maximum residual story drift was -0.013 radians, located in Story 2 
(see Table 8.14).  Figures 8.26 and 8.27 plot displacement, story shear and overturning 
moment response profiles at the time of maximum base shear and roof drift, 
respectively. 
 
The influence of the second mode on the response can be seen in displacement profiles 
shown in Figures 8.26(a) and 8.27(a), which also plot the first mode shape profile.  As 
discussed in Chapter 5, comparison between the first mode profile and the 
experimental displacement profile is done by scaling the first mode profile so that the 
Level 3 displacement magnitude is equal to the experimental displacement profile at 
Level 3.  This approach illustrates second mode response since the zero crossing in the 
second mode is very close to Level 3, as seen in Figure 8.4.  At the time of maximum 
base shear, shown in Figure 8.26, the effect of the second mode is small, but it is seen 
in the displacement at Level 2 where the experimental response profile is greater than 
the first mode profile.  At the time of maximum roof drift, shown in Figure 8.27, the 
effect of the second mode is more noticeable and it is marked by the Level 1 
experimental displacement being smaller than the first mode profile and the Level 4 
displacement being larger than the first mode profile.  The influence of the second 
mode is also illustrated in Figure 8.28, which plots story drift time histories.  As 
shown, the story drifts varied significantly between stories, particularly in the 
strongest portion of the earthquake record between 3 and 5 seconds.  This variation is 
in contrast to the FOE response shown in Figure 8.11, where a dominant first-mode 
response is illustrated and story drifts are similar for all stories. 
 
Figure 8.29 plots the story shear-drift response for all four stories.  As indicated by the 
significant hysteresis in these plots, appreciable inelastic response occurred under the 
DBE.  This conclusion is supported by the BRB response plots in Figures 8.30, 8.31 
and 8.32.  Figures 8.30 and 8.31 illustrate the actual response of all eight braces and 
Figure 8.32 illustrates normalized response (P/Py versus Δ/Δy).  As shown in Table 
8.16, the BRB maximum ductility demand was equal to 15.8.  This demand occurred 
when the Story 2 North BRB was in compression.  As shown in Table 8.17, the largest 
BRB cumulative ductility demand for any brace in the test frame during the DBE 
simulation was equal to 76, occurring in Story 4. 
 
The BRB maximum force ratios (Pmax/Py) for tension and compression are reported in 
Table 8.18.  The maximum force ratios were 1.35 and 1.43 for tension and 
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compression, respectively.  These maximum force ratios occurred in Story 2, the story 
where the maximum drift occurred.  As reported in Table 8.19, the maximum β value 
for the DBE simulation was 1.20, occurring in the Story 1 South brace. 
 
Figure 8.33 plots combined hysteretic and strain energy for the test frame during the 
DBE simulation.  As illustrated, Stories 1 and 2 dissipated the majority of the energy, 
while Story 4 dissipated the least.  Almost all of the energy dissipation occurred in the 
BRBs, as illustrated in Figure 8.34. 
 
8.4.2.2 Performance Evaluation 
In general, the performance of the test frame during the DBE simulation was excellent 
and the ability of the system to withstand this level of seismic input was verified.  The 
BRBs behaved as expected and dissipated the input seismic energy effectively.  The 
BRB response was stable and exhibited no strength or stiffness degradation.  Very 
minor yielding was observed in the strain data for the South column just above the 
ground floor level.  This type of minor yielding is acceptable as outlined in the 
performance objectives discussed in Chapter 5.  However, several performance 
objectives were not achieved. 
 
Most significantly, the drift observed in the DBE simulation was much greater than 
anticipated.  The roof drift limit of 0.015 radians was exceeded by 40% and the story 
drift limit of 0.02 radians was exceeded by 50%.  Drift was concentrated in Story 2, 
with the maximum drift in Story 2 exceeding the maximum drift in the adjacent stories 
by up to 50%.  Due to the large drifts and the one-sided nature of the response, the 
residual drift was also significant.  The nearly uniform residual drift of 0.01 radians 
observed in the DBE simulation in all stories could impair the performance of the 
nonstructural systems in the prototype building and could make repair difficult. 
 
Although the BRB maximum ductility demands observed in the DBE simulation were 
sustained without difficulty, these ductility demands were much larger than expected 
from the current design procedure in the AISC Seismic Provisions.  As noted in Table 
8.20, and discussed in Chapter 1, a BRB maximum ductility demand of 9.4 was 
predicted by the design procedure.  The BRB maximum ductility demand of 15.8 
under the DBE simulation is over 65% greater than the design prediction.  In addition, 
the ductility demands are significantly larger than the maximum value of 9.9 that 
could be required by the current qualification testing protocol [AISC 2005].  Thus, if 
the BRBs in the test frame had been detailed according to the current design 
provisions, they may not have performed adequately during the DBE simulation.  As 
discussed in Chapter 6, based on the time-history analyses performed on the prototype 
frame (see Chapter 5), BRB maximum ductility demands near 15 and 25 were 
anticipated in the experimental simulations at the DBE and MCE input levels, 
respectively.  As a result, the BRBs were specified to accommodate maximum 
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ductility demands of 30.  The fabricator detailed the BRBs with internal clearances 
allowing ductility demands between 29 and 36. 
 
The BRB cumulative ductility demands observed in the DBE simulation were 
significantly below the demand of 200 required in the qualification testing protocol 
[AISC 2005].  The cumulative ductility capacity of BRBs has been extensively 
documented in isolated BRB tests [e.g., Black et al. 2002, Merritt et al. 2003a, Merritt 
et al. 2003b]. 
 
In addition to observing excellent BRB performance during the DBE simulation, 
excellent connection performance was also observed.  As discussed in Chapter 1, 
previous large-scale experimental programs have shown that buckling in the beam-
brace and beam-column-brace connections commonly occurs when the story drift is 
between 0.02 and 0.025 radians [Aiken et al. 2002, Tsai et al. 2003a].  Thus, it is 
significant to note that the connections in the test frame exhibited excellent 
performance and showed no signs of distress at story drifts up to 0.03 radians.  
Although some performance objectives were exceeded, as discussed above, the lack of 
inelastic response outside of the BRBs in the test frame leads to the conclusion that the 
life safety performance level, as described qualitatively in Chapter 5, was met in terms 
of structural performance. 
 
As noted above, the maximum β value for the DBE simulation was 1.20, which meets 
the criterion of β ≤ 1.3 established in the BRBF Recommended Provisions.  Table 8.20 
compares the AISC design predictions for β, ω and βω with the actual values that 
developed during the DBE simulation.  The predicted β value is slightly less than the 
DBE value, but the ω and βω values are very conservative.  However, as noted in 
Chapter 5, the comparison is not valid since the maximum ductility demand value 
used in the design prediction was much lower than the response that developed during 
the simulation.  If the actual maximum ductility demand value is used in Equations 1.7 
and 1.8, the estimates would be very conservative.  
 
8.4.3 Maximum Considered Earthquake (MCE) 
As noted above and listed in Table 8.13, the residual displacements in the test frame at 
the end of the DBE simulation were significant.  Since the maximum considered 
earthquake (MCE) simulation was intended to represent an earthquake affecting an 
undamaged structure, the residual displacements that remained after the DBE were 
eliminated by straightening the test frame.  This was accomplished by pushing the test 
frame past yield in the positive direction to predetermined displacements that would 
allow the frame to return to the original zero position after elastic recovery.  After the 
test frame was straightened, the residual story drifts were 0.0005 radians or less.  As a 
result, the initial values of floor displacement, story drift and story shear were assumed 
to be zero for the MCE simulation.  The residual forces and deformations that 
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remained in the BRBs after the DBE simulation and the straightening of the test frame 
were recorded and included as the initial conditions for the MCE simulation. 
 
As the name implies, the MCE is the maximum earthquake hazard level considered in 
the design process.  The input ground acceleration record chosen for this simulation 
was the same as for the DBE simulation – the Saticoy station record from the 1994 
Northridge earthquake.  As discussed in Chapter 7, the scale factor applied to this 
record for the MCE was 1.33. 
 
8.4.3.1 Response Summary 
The floor displacement histories for the MCE simulation are shown in Figure 8.35.  As 
in the DBE simulation, the floor displacements were significantly biased in the 
negative direction and large residual displacements remained after the simulation was 
complete.  Figure 8.36 shows that the ground level linkages overcame their initial 
pretension.  It is also apparent that the initial pretension in the links was reduced from 
previous earthquake simulations.  At t = 3.30 seconds, after the first large 
displacement peak in the negative direction, the test was paused for observations.  The 
primary observation was yielding in the double structural tees of the bolted beam 
splice connections, shown in Figures 8.37 to 8.40.  This type of yielding was observed 
in the North and South bolted beam splice connections at Levels 1, 2 and 3.  In 
addition, slip was observed between the structural tees and the beam stubs at Level 1.  
This slip is illustrated in Figure 8.37.  Figure 8.41 shows the relative displacement 
between the South collar and body of the South BRB in Story 2 at t = 3.30 seconds. 
 
Figure 8.42 shows the test frame at t = 5.19 seconds, just prior to reaching maximum 
roof drift at t = 5.21 seconds.  At t = 5.84 seconds, the test was again paused for 
observations.  Although no appreciable changes were observed, localized yielding was 
observed in several locations.  As illustrated in Figures 8.43 and 8.44, slight yielding 
was observed at the bottom flanges of the beam stubs on the South side of Level 2 and 
Level 3.  Following the pause at t = 5.84 seconds, the remainder of the simulation was 
carried out continuously.  Figure 8.45 show the Story 2 South BRB at t = 12.03 
seconds when the Story 2 drift was 0.028 radians. 
 
Figure 8.46(a), which plots the maximum story drift envelopes for the DBE 
simulation, shows that a significant concentration of story drift occurred in Story 2.  
As shown in Table 8.11, the maximum drift for Story 2 was 0.048 radians.  The 
maximum roof drift was 0.036 radians (see Table 8.12).  As illustrated in Figure 
8.46(b), the maximum story shears are significantly greater than the design story 
shears.  The maximum base shear, which occurred at t = 3.04 seconds, was 292 kips 
(see Table 8.9).  The resulting system overstrength factor, Ω0, is equal to 2.12 (see 
Table 8.10).  Due to the nature of the inelastic demand on the test frame, the 
permanent floor displacements shown in Table 8.13 remained after the test was 
completed.  As shown in Table 8.15, the residual roof drift was -0.023 radians, where 
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the negative sign indicates the North direction, and the maximum residual story drift 
was -0.027 radians, located in Story 2 (see Table 8.14).  Figures 8.47 and 8.48 plot 
displacement, story shear and overturning moment response profiles at the time of 
maximum base shear and roof drift, respectively. 
 
The influence of the second mode on the response can be seen in the displacement 
profiles shown in Figures 8.47(a) and 8.48(a), which also plot the first mode shape 
profile.  At the time of maximum base shear, the effect of the second mode is seen in 
the displacements at Levels 1 and 2, where the experimental response profile is greater 
than the first mode profile.  At the time of maximum roof drift, the effect of the second 
mode is more noticeable and it is marked by the Level 1 and 2 experimental 
displacements being smaller than the first mode profile and the Level 4 displacement 
being larger than the first mode profile.  The influence of the second mode is also 
illustrated in Figure 8.49, which plots story drift time histories.  As shown, the story 
drifts varied significantly between stories.  This variation is in contrast to the FOE 
response shown in Figure 8.11, where dominant first-mode response is illustrated and 
story drifts are similar for all stories. 
 
Figure 8.50 plots the story shear-drift response for all four stories.  As indicated by the 
significant hysteresis in these plots, significant inelastic response occurred under the 
MCE.  This conclusion is supported by the BRB response plots in Figures 8.51, 8.52 
and 8.53.  Figures 8.51 and 8.52 illustrate the actual response of all eight braces and 
Figure 8.53 illustrates normalized response (P/Py versus Δ/Δy).  As shown in Table 
8.16, the BRB maximum ductility demand was equal to 26.2.  This demand occurred 
when the Story 2 South BRB was in tension.  The largest BRB cumulative ductility 
demand for any brace in the test frame was equal to 132 (see Table 8.17). 
 
The BRB maximum force ratios (Pmax/Py) for tension and compression are reported in 
Table 8.18.  The maximum force ratios were 1.51 and 1.74 for tension and 
compression, respectively.  The maximum force ratio in compression occurred in 
Story 2, the story where the maximum drift occurred, and the maximum force ratio in 
tension occurred in Story 4.  As reported in Table 8.19, the maximum β value for the 
MCE simulation was 1.19, occurring in both Story 1 BRBs. 
 
Figure 8.54 plots combined hysteretic and strain energy for the test frame during the 
MCE simulation.  As illustrated, Stories 1 and 2 dissipated the majority of the energy, 
while Story 4 dissipated the least.  Almost all of the energy dissipation occurred in the 
BRBs, as illustrated in Figure 8.55. 
 
8.4.3.2 Performance Evaluation 
As in the DBE simulation, in general, the performance of the test frame during the 
MCE simulation was excellent and the ability of the system to withstand this level of 
seismic input was verified.  The BRBs behaved as expected and dissipated the input 
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seismic energy effectively.  The BRB response was stable and exhibited no strength or 
stiffness degradation.  Yielding was observed through strain data in the North and 
South columns just above the ground level.  This type of yielding is acceptable as 
outlined in the performance objectives discussed in Chapter 5.  However, several 
performance objectives, described in Chapter 5, were not achieved. 
 
Most significantly, the drift observed in the MCE simulation was significantly greater 
than anticipated.  The roof drift limit of 0.03 radians was exceeded by 20% and the 
story drift limit of 0.04 radians was also exceeded by 20%.  As noted above, drift was 
concentrated in Story 2, with the maximum drift in Story 2 exceeding the maximum 
drift in the adjacent stories by over 30%.  Due to the large drifts and the one-sided 
nature of the response, the residual drift was also significant.  The residual story drifts 
of more than 0.02 radians observed in the MCE simulation would impair the 
performance of the nonstructural systems in the prototype building and would make 
repair very difficult.  However, the robustness of the BRBF system was demonstrated 
as the system sustained almost no damage and retained its full load-carrying capacity 
even after the severe MCE input.  In addition, the ability of properly detailed BRBs to 
sustain extremely large maximum ductility demands was demonstrated.  The BRB 
cumulative ductility demands observed in the MCE simulation were significantly 
below the demands that have been sustained in previous qualification tests [e.g., Black 
et al. 2002, Merritt et al. 2003a, Merritt et al. 2003b].  Based on the present 
experimental program and the associated analytical studies, BRBs appear to have 
cumulative ductility capacities much greater than the anticipated demands for the 
MCE. 
 
As in the DBE simulation, the connection performance during the MCE simulation 
was excellent.  In addition to yielding in the double structural tees of the bolted beam 
splice connections, minor yielding was observed in the bottom flanges of several beam 
stubs.  However, no limit states beyond yielding occurred and the connections 
behaved as intended.  Although story drifts were very large, nearly 0.05 radians, the 
connections showed no signs of distress.  The connection details used in this research 
program appear to offer a very promising alternative to the details that are currently 
being used in practice. 
 
Although some performance objectives were exceeded, as discussed above, the lack of 
inelastic response outside of the BRBs in the test frame leads to the conclusion that the 
near collapse performance level, as described qualitatively in Chapter 5, was met in 
terms of structural performance.  In addition, the lack of strength or stiffness 
degradation leads to the conclusion that the test frame also achieved the life safety 
performance in terms of structural performance. 
 
The results from the MCE simulation raise a concern about the system overstrength 
factor used in BRB design.  The AISC Seismic Provisions [AISC 2005a] prescribe a 
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value of Ω0 = 2 for BRBFs without moment connections at the beam-column joints.  
As mentioned above and shown in Table 8.10, the overstrength observed in the MCE 
simulation was 2.12.  Although this is only 6% greater than the prescribed factor of 2, 
crucial frame elements, such as connections, could be under-designed and subjected to 
yielding and damage. 
 
As noted above, the maximum β value for the MCE simulation was 1.19, which meets 
the criterion of β ≤ 1.3 established in the AISC Seismic Provisions [AISC 2005a].  
Table 8.20 compares the AISC design predictions for β, ω and βω with the actual 
values that developed during the MCE simulation.  The predicted β, ω and βω values 
are all slightly less than the MCE values.  However, as noted in Chapter 5, the 
comparison is not valid since the maximum ductility demand value used in the design 
prediction was much lower than the response that developed during the simulation.  If 
the actual maximum ductility demand value is used in Equations 1.7 and 1.8, the 
estimates would be very conservative. 
 
8.4.4 Aftershock 
The purpose of the aftershock simulation is to assess the ability of the test frame to 
withstand a significant seismic event after an MCE level event.  Since there are no 
standard hazard levels defined for an aftershock evaluation, the choice of input hazard 
level was somewhat arbitrary.  The initial testing plan was to subject the test frame to 
a DBE level input following the MCE.  However, due to the large post-MCE residual 
drift, the potential for exceeding laboratory displacement limits was significant.  As a 
result, 80% of the DBE was chosen as the input level for the aftershock.  The 1994 
Northridge Saticoy ground motion was used as the input with a scale factor equal to 
0.71.  For this test, the hybrid P-Δ portion of the pseudo-dynamic algorithm was 
turned off due to an error in the implementation of the algorithm when initial drifts are 
included (i.e., the residual drifts from the MCE simulation). 
 
8.4.4.1 Response Summary 
The floor displacement histories for the aftershock simulation are shown in Figure 
8.56.  As shown, the initial position for this simulation was the final position from the 
MCE simulation.  Although the input ground motion for the aftershock simulation was 
the same as for the DBE and MCE simulations, the direction of the response was 
significantly different.  In the DBE and MCE simulations, the floor displacement 
response was one-sided in the negative direction, and the residual displacements were 
in the negative direction.  In the aftershock simulation, the displacement response 
relative to the initial position at the beginning of the simulation was greater in the 
positive direction, with the residual displacement in the positive direction.  Figure 8.57 
shows that the ground level linkages overcame the initial pretension, and that the 
initial pretension in the South link was reduced from the level observed in the MCE 
simulation.  During the aftershock simulation, no changes in the condition of the test 
frame were noted visually. 
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Figure 8.58(a), which plots the maximum story drift envelopes for the aftershock 
simulation, shows that the largest drifts occurred in Story 2.  As shown in Table 8.11, 
the maximum drift for Story 2 was 0.021 radians.  The maximum roof drift was 0.015 
radians (see Table 8.12).  These values are with respect to the position of the test 
frame at the beginning of the aftershock simulation.  Thus, they represent drifts that 
were induced during the aftershock.  As illustrated in Figure 8.58(b), the maximum 
story shears are significantly greater than the design story shears.  The maximum base 
shear, which occurred at t = 3.04 seconds, was 258 kips (see Table 8.9).  The resulting 
system overstrength factor, Ω0, is equal to 1.88 (see Table 8.10).  Due to the nature of 
the inelastic demand on the test frame, the permanent floor displacements shown in 
Table 8.13 remained after the test was completed.  The residual roof drift was -0.015 
radians, where the negative sign indicates the North direction, and the maximum 
residual story drift was -0.018 radians, located in Story 2 (see Table 8.14 and 8.15).  
These values are with respect to the zero position of the test frame at the beginning of 
the test program.  It should be noted that the aftershock simulation was expected to 
push the test frame further in the negative direction based on the results of the DBE 
and MCE simulations.  The results of the aftershock simulation were unexpected in 
this respect and illustrate the sensitivity of the BRBF system.  Figures 8.59 and 8.60 
plot displacement, story shear and overturning moment response profiles at the time of 
maximum base shear and roof drift, respectively. 
 
Figure 8.61 plots the story shear-drift response for all four stories.  As indicated by the 
hysteresis in these plots, inelastic response occurred during the Aftershock simulation.  
This conclusion is supported by the BRB response plots in Figures 8.62, 8.63 and 
8.64.  Figures 8.62 and 8.63 illustrate the actual response of all eight braces and Figure 
8.64 illustrates normalized response (P/Py versus Δ/Δy).  As shown in Table 8.16, the 
BRB maximum ductility demand was equal to 10.1.  This demand occurred when the 
Story 2 North BRB was in tension.  The largest BRB cumulative ductility demand for 
any brace in the test frame was equal to 73 (see Table 8.17).  This cumulative ductility 
demand was observed in both BRBs in Story 4. 
 
The BRB maximum force ratios (Pmax/Py) for tension and compression are reported in 
Table 8.18.  The maximum force ratios were 1.46 and 1.63 for tension and 
compression, respectively.  As reported in Table 8.18, the maximum β value for the 
aftershock simulation was 1.21, occurring in the Story 1 North BRB.  This maximum 
β value meets the criterion of β ≤ 1.3 established in the AISC Seismic Provisions 
[AISC 2005a]. 
 
Figure 8.65 plots combined hysteretic and strain energy for the test frame during the 
aftershock simulation.  As illustrated, Stories 1 and 2 dissipated the majority of the 
energy, while Story 4 dissipated the least.  Almost all of the energy dissipation 
occurred in the BRBs, as illustrated in Figure 8.66. 
  204
8.4.4.2 Performance Evaluation 
No specific performance objectives were defined for the aftershock simulation.  
However, the test frame exhibited exceptional performance and no strength or 
stiffness degradation was observed.  The aftershock simulation demonstrated the 
stability and integrity of the test frame after undergoing MCE level input.  Following 
the aftershock, the test frame was virtually free of damage except for the ductility 
demands that were imposed on the BRBs.  Based on the known ductility capacity of 
BRBs and the excellent condition of the other elements in the test frame, the BRBF 
system appears capable of withstanding multiple seismic events beyond those imposed 
in the experimental program.  In terms of structural performance, the test frame easily 
achieved the near collapse performance level discussed in Chapter 5. 
 
8.4.5 Evaluation of Test Frame Natural Periods 
As noted in Table 8.7, the test frame exhibited several period shifts throughout the 
testing program.  The test frame fundamental period calculated at the beginning of the 
testing program was 0.71 seconds.  After the FOE and DBE simulations, the test frame 
appeared to lose stiffness based on the elongation of the calculated fundamental 
period.  However, the calculated fundamental period after the MCE simulation, which 
was the simulation with the most inelastic response, was shorter than the initial period.  
The fundamental period calculated after the aftershock simulation was 0.76 seconds, 
only slightly longer than the initial period.  The period values following the MCE and 
aftershock simulations indicate that there was no appreciable stiffness degradation in 
the test frame despite the significant demands imposed on it.  This conclusion is 
supported by the test data and qualitative observations presented in this chapter.  
Therefore, it is clear that the apparent period elongations seen after the FOE and DBE 
simulations are not real.  Some insight into these period variations can be gained 
through the BRB forces listed in Table 1.1. 
 
Since all of the pinned brace-gusset connections have fit-up tolerances around the 
pins, when a brace transitions from tension to compression (or compression to 
tension), there is an increment of story deformation that occurs while the brace force 
remains close to zero.  Thus, the story containing the brace is temporarily more 
flexible than it would be if the brace had not transitioned from tension to compression.  
This sequence of events, hereafter referred to as a brace force transition, seems to 
contribute to the variations in the measured test frame stiffness data and the periods 
calculated from the measured stiffness data. 
 
As discussed earlier in this chapter, the stiffness evaluations were conducted by 
successively applying 0.1 inch displacements at each floor level in the positive (South) 
direction while holding the displacements at the other floor levels equal to zero.  In 
general, when a positive displacement is applied at Level x in the stiffness evaluation 
procedure the following behavior is observed: 
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1. In Story x, the North brace force becomes more tensile and the South brace 
force becomes more compressive. 
2. In Story x+1, the North brace force becomes more compressive and the South 
brace force becomes more tensile. 
 
Table 8.1 shows that all of the braces in the test frame were initially in compression.  
Therefore, when the stiffness evaluation procedure was conducted at Level 1, the 
Story 1 North and the Story 2 South braces experienced brace force transitions.  This 
evaluation process can be applied at each of the floor levels to determine that during 
the entire stiffness evaluation, seven brace force transitions occurred.  When this 
procedure is applied to all stiffness evaluations, it provides an approximate method to 
quantitatively evaluate the effect of the brace force transitions on the test frame natural 
periods. 
 
Table 8.21 summarizes the results of this procedure for the five stiffness evaluations 
that are documented in Tables 8.2 to 8.7.  The results in Table 8.21 support the trend 
in fundamental periods shown in Table 8.7.  The post-MCE fundamental period of 
0.68 seconds, which is the lowest calculated fundamental period in the set, 
corresponds to the smallest brace force transition sum.  The initial and post-aftershock 
fundamental periods of 0.71 seconds and 0.76 seconds correspond to equal brace force 
transition sums, which are larger than the post-MCE brace force transition sum.  The 
post-FOE and post-DBE fundamental periods of 0.96 and 1.06 seconds, respectively, 
correspond to equal brace force transformation sums, which are the largest in the set.  
Although this procedure is very rough, it supports the observed experimental trend and 
offers some insight into the reason for the observed behavior. 
 
8.5 Detailed Investigation of Connections and BRBs 
Owing to the excellent performance of the test frame during the earthquake 
simulations and the lack of strength or stiffness degradation, further tests were 
conducted to explore the behavior and performance of the test frame.  These tests were 
designed to address two of the primary objectives of the present research program, 
namely, to develop new BRBF connections with improved performance and to verify 
BRB ductility capacity. 
 
8.5.1 Level 1 Connection Modification 
As discussed in Chapter 6, the bolted beam splice connection was designed to allow 
rotation so that the connection moment would be limited and damage would be 
contained to the double structural tees.  The results from the earthquake simulations 
demonstrate that the bolted beam splice connections behaved as designed and 
exhibited excellent performance.  To better understand the bolted beam splice 
connections, a comparison with current practice was desired.  As described in Chapter 
6, the initial preparations for this phase of testing were conducted when the test frame 
was fabricated.  Figure 6.13 shows the full-penetration welded connection detail that 
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was used to attach the Level 1 beam stubs to the columns.  This detail was used since 
it is currently the typical method for connecting beams and columns in BRBFs.  In a 
typical BRBF, the beams are continuous between the columns and do not have the 
bolted beam splice that was used in the present research program.  To replicate current 
practice, the Level 1 bolted beam splices were removed and full penetration groove 
welds were used to join the flanges and web of the beam with the flanges and webs of 
the beam stubs (Figure 8.67).  Figures 8.68(a) and 8.68(b) show photographs of the 
web and flange joints, respectively, after the welding was completed.  This connection 
configuration will hereafter be called the rigid beam splice. 
 
8.5.2 Quasi-Static Cyclic Tests 
This phase of testing was intended to study connection and BRB performance.  Quasi-
static floor displacement histories were imposed on the test frame to induce multiple 
cycles of large story drifts and large BRB deformations.  The displacement histories 
were chosen with several goals.  For the Level 1 rigid beam splice, the primary goal 
was to evaluate the behavior and performance at story drifts similar to those imposed 
on the Level 1 bolted beam splice during the earthquake simulations.  For the BRBs, 
since most experimental programs have tested BRBs to low-cycle fatigue failure at 
moderate maximum deformation demands typically ranging from 5 to 10, the goal of 
this phase of testing was to induce BRB failures under more demanding conditions. 
Figures 8.69(a) and 8.69(b) plot the floor displacement histories and the story drift 
histories, respectively, that were imposed during this phase of testing.  The first 
portion of the quasi-static cyclic tests consisted of low amplitude cycles of increasing 
drift.  After these cycles were completed successfully, a set of drift histories based on 
the DBE simulation was imposed.  This region of the testing histories is noted in 
Figure 8.69 and it was defined by imposing the Story 2 drift history from the most 
demanding region of the DBE simulation on all four stories.  The remainder of the 
loading histories consisted of increasing story drift amplitudes until limit states were 
reached in the test frame, as described in the following sections.  The story drift and 
story shear envelopes for this phase of testing are shown in Figures 8.70(a) and 
8.70(b), respectively. 
 
8.5.2.1 Performance of Level 1 Rigid Beam Splice Connections 
The Level 1 rigid beam splice connection exhibited excellent performance despite 
being subjected to extremely large story drift demands in the adjacent stories, nearly 
0.04 radians in Story 1 and 0.05 radians in Story 2 (Table 8.22).  A photograph of the 
test frame at the maximum drift levels for Stories 1 and 2 is shown in Figure 8.71.  
Yielding was observed in the flanges, as shown in Figure 8.72.  No distortion or signs 
of distress were observed in the gusset plates or in the beam and columns adjacent to 
the connections.  The bolted beam splice connections at the upper levels in the test 
frame continued to perform well as they did during the earthquake simulations. 
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The ability of the rigid beam splice connection to sustain very large story drifts was 
surprising since prior experimental programs have demonstrated that this type of 
connection detail may contribute to undesirable failure modes at drift levels around 
0.02 to 0.025 radians.  The good performance of the rigid beam splice connection is 
attributed to two primary factors: 
1. The connection regions in the test frame are very compact.  The BRB end 
connections were placed as close as possible to the beam-column joints to 
maximize the yielding lengths of the braces (see discussion in Chapter 6).  As a 
result, the gusset plate dimensions are small.  The gusset plates are stocky, 
with a typical free edge length to thickness ratio, Lfg/t, between 7 and 10.  
Based on the criterion recommended by Astaneh-Asl [1998], the limiting 
quantity for this ratio should be: 
 
y
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For the A572 Grade 50 steel used in the gusset plates, this limit is equal to 
18.1.  In addition, the test frame gusset plates have welded reinforcing rings at 
the pin holes.  These were not required for strength, but were installed to 
facilitate fit-up with the instrumented pins. 
2. The BRB end connections transfer only axial force and prevent the brace from 
deflecting out of plane.  Due to the pinned connection, the BRB does not 
introduce any in-plane rotational restraint into the beam-column-brace 
connection and as a result, the connection demands are reduced.  In addition, 
the BRB collar restrains the body of the BRB from deflecting out of plane, and 
as a result, the out-of-plane forces exerted on the gusset plate by the brace are 
small. 
 
The limited experimental comparison of the bolted beam splice and the rigid beam 
splice connections appears to indicate that the primary factor behind the good 
connection performance observed in the experimental program was the BRB end 
connections.  Although the bolted beam splices reduced the rigidity of the beam-
column-brace connections and demonstrated the ability to withstand significant story 
drift demands, the performance of the beam-column-brace connections did not appear 
to change when rigid beam splices were put in place of the bolted beam splices at one 
floor level in the test frame.  In addition, it is clear that the end collars on the BRBs are 
very beneficial since they stabilize the core regions that extend beyond the restraining 
CFTs and prevent the type of failure modes illustrated in Figures 1.11 and 1.15. 
 
8.5.2.2 Performance of BRBs 
Despite the significant maximum ductility demands imposed on the BRBs in the 
experimental simulations, the BRBs exhibited good performance through appreciable 
additional demands imposed during the quasi-static cyclic tests.  The maximum 
demands imposed on the BRBs in the quasi-static cyclic tests are listed in Table 8.23.  
As noted earlier in this chapter, the Story 4 South BRB exhibited an unexpectedly high 
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compression strength, which was attributed to the small core size.  To avoid 
overloading and damaging the instrumented pin that was measuring the force in this 
brace, no story drift was imposed on Story 4 after approximately the midpoint of the 
quasi-static cyclic testing, as noted in Figure 8.69(b).  After several more cycles of 
loading, both of the braces in Story 3 failed, and as a result no story drift was imposed 
in Story 3 for the last half cycle of the test (Figure 8.69(b)).  In the last portion of the 
test, both of the Story 2 braces and the North brace in Story 1 failed.  The force-
deformation plots for all of the braces, with their failure points noted, are shown in 
Figures 8.73 and 8.74. 
 
After the quasi-static cyclic testing was completed, the Story 1 BRBs were removed 
from the test frame for inspection.  Since the Story 1 North BRB failed and the Story 1 
South BRB did not fail, they offered an interesting comparison.  At the North end of 
the North BRB, a bulge was noted in the collar region, as shown in Figure 8.75(a).  
After the collar was removed, a more prominent bulge was evident in the CFT (Figure 
8.75(b)).  Figure 8.76(a) shows that under this bulge in the CFT, the concrete was 
damaged.  Beneath this damaged concrete was the location of the core fracture, as 
shown in Figure 8.76(b).  As shown in Figures 8.32(a), 8.53(a) and 8.64(a), the Story 
1 North BRB was subjected to multiple cycles of absolute compressive deformation 
during the earthquake simulations, which could have led to deterioration of the 
confining concrete around the steel core.  In the region of Figure 8.74(a) labeled 
“strength loss,” it is likely that the concrete deteriorated to an extent that the core 
began folding significantly in compression.  When the brace was subsequently cycled 
into tension, the core fractured.  The failure mode for this brace demonstrates the 
interaction that exists between maximum ductility demands and cumulative ductility 
demands in BRBs.  In this case, the brace withstood maximum ductility demands over 
20, and demonstrated a cumulative ductility capacity of 372.  Although this 
cumulative ductility capacity is less than the capacities exhibited by similar braces in 
previous tests [Merritt et al. 2003b], the performance of this brace was excellent 
considering that multiple cycles of significant maximum ductility demands, between 
15 and 20, were sustained. 
 
In general, the ductility demand data for the braces that failed illustrates the interaction 
between maximum and cumulative ductility demands.  Table 8.24 shows that the five 
braces that failed sustained maximum ductility demands greater than 20 and failed at 
cumulative ductility demands between 370 and 455.  Although these cumulative 
ductility capacities are significant and adequate to sustain multiple MCE-level seismic 
events, based on the time-history analyses and pseudo-dynamic test results, they are 
significantly less than the cumulative ductility capacities observed in previous tests 
[Merritt et al. 2003b].  In the tests by Merritt et al. [2003b], cumulative ductility 
demands between 600 and 1600 were sustained when the maximum ductility demands 
were between 10 and 15.  Thus, it appears that the large maximum ductility demands 
imposed in the present experimental program reduced the cumulative ductility 
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capacities of the braces.  Further study of this interaction is warranted to establish an 
appropriate damage model that accounts for the interaction between maximum and 
cumulative ductility demands and provides a reasonable estimate of ductility capacity. 
 
The Story 1 South BRB, which was subjected to multiple cycles of absolute tensile 
deformation as shown in Figures 8.32(a), 8.53(a) and 8.64(a), sustained the entire 
experimental program without failure.  Figures 8.77(a) and 8.77(b) show the brace 
after removal of the CFT and concrete, respectively.  As illustrated, the brace was still 
in excellent condition and the concrete showed no signs of deterioration. 
 
8.6 Summary 
The earthquake simulations described above demonstrated the ability of the test frame 
to withstand significant seismic demands successfully.  The test frame sustained 
significant drift demands with minimal damage.  The largest story drift of nearly 0.05 
radians occurred in Story 2.  Excellent connection performance was observed.  The 
bolted beam splice connections permitted significant relative rotations to occur and 
these connections experienced only localized yielding and no distortion or buckling.  
In addition, no distortion or buckling of the gusset plates occurred.  The connections 
were shown to be capable of withstanding demands from input at the MCE level. 
 
Figure 8.78 plots the normalized BRB axial force-deformation response for all 
earthquake simulations.  As shown, the BRBs exhibited excellent performance.  They 
experienced significant maximum ductility demands, greater than 25 in Story 2, 
without strength or stiffness degradation.  The BRBs hardened significantly during the 
earthquake simulations, with maximum tension and compression force ratios equal to 
1.51 and 1.74, respectively.  The BRBs in Story 1 and Story 2 dissipated similar 
amounts of energy, and together, they dissipated the majority of the seismic energy 
input, over 95%. 
 
As discussed earlier in this chapter, the maximum response quantities described in this 
chapter for the earthquake simulations are taken from the time step data.  These 
response quantities are very close to the maximum values observed.  However, in 
some cases, slightly larger response quantities were recorded between time steps, 
while the middle control loop described in Chapter 7 was in the process of achieving 
convergence for the time step.  Moving beyond the earthquake simulation perspective 
and looking at the absolute maximum demands that were placed on the test frame 
during the earthquake simulations and the quasi-static tests, a brief summary of these 
demands is provided in Table 8.24.  As indicated, the largest BRB maximum ductility 
demand imposed during the test program was 26.2 and the largest BRB maximum 
force ratio was 2.16. 
 
An important finding of the present research program is that residual drifts may be 
significant in BRBFs.  The residual roof drift was over 0.01 radians for the DBE 
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simulation and over 0.02 radians for the MCE simulation.  These results indicate the 
sensitivity of the BRBF system to variations in seismic input.  Although a properly 
designed and detailed BRBF is capable of withstanding the most severe seismic input, 
large residual drifts may present significant challenges when seeking to return a 
building with BRBFs to service after a large seismic event. 
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Table 8.1 – BRB forces throughout experimental program. 
 
BRB force (kips) 
Initial Post-FOE Post-DBE Post-MCE Post-
aftershock Story 
N* S** N* S** N* S** N* S** N* S** 
4 -13.3 -9.4 -2.9 -2.4 -8.6 -0.2 0.7 -0.5 -0.5 1.3 
2 -11.8 -12.1 -2.7 1.2 -4.2 2.8 1.9 -4.1 1.1 0.1 
3 -16.2 -12.8 -4.9 3.4 -4.6 -2.2 6.0 -7.8 0.6 -2.9 
1 -15.1 -5.5 -8.7 3.8 -15.3 6.6 7.2 -16.3 -1.6 -3.2 
*N = North 
**S = South 
 
 
Table 8.2 – Test frame initial estimated elastic stiffness matrix. 
 
Floor 1 2 3 4 
1 983 -551 -14 12 
2 -551 1039 -466 6 
3 -14 -466 751 -322 
4 12 6 -322 338 
Note: units of stiffness coefficients are kips/inch. 
 
 
Table 8.3 – Test frame post-FOE estimated elastic stiffness matrix. 
 
Floor 1 2 3 4 
1 892 -527 -17 16 
2 -527 955 -458 21 
3 -17 -458 658 -293 
4 16 21 -293 313 
Note: units of stiffness coefficients are kips/inch. 
 
 
Table 8.4 – Test frame post-DBE estimated elastic stiffness matrix. 
 
Floor 1 2 3 4 
1 972 -518 12 25 
2 -518 961 -498 -0.3 
3 12 -498 794 -291 
4 25 -0.3 -291 225 
Note: units of stiffness coefficients are kips/inch. 
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Table 8.5 – Test frame post-MCE estimated elastic stiffness matrix. 
 
Floor 1 2 3 4 
1 980 -518 30 16 
2 -518 945 -479 7 
3 30 -479 794 -278 
4 16 7 -278 251 
Note: units of stiffness coefficients are kips/inch. 
 
 
Table 8.6 – Test frame post-aftershock estimated elastic stiffness matrix. 
 
Floor 1 2 3 4 
1 895 -515 25 25 
2 -515 931 -461 28 
3 25 -461 739 -292 
4 25 28 -292 249 
Note: units of stiffness coefficients are kips/inch. 
 
 
Table 8.7 – Test frame natural periods. 
 
Period (sec) Mode 
Initial Post-FOE Post-DBE Post-MCE Post-aftershock 
1 0.71 0.96 1.06 0.68 0.76 
2 0.27 0.29 0.30 0.29 0.31 
3 0.18 0.19 0.18 0.19 0.19 
4 0.14 0.14 0.14 0.14 0.14 
 
 
Table 8.8 – BRB stiffness evaluation. 
 
Stiffness (k/in) 
Experimental Story 
North South Theoretical 
4 261 292 270 
3 512 496 518 
2 659 737 658 
1 696 765 694 
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Table 8.9 – Test frame maximum story shears during earthquake simulations. 
 
Story FOE 
(kips) 
DBE 
(kips) 
MCE 
(kips) 
Aftershock 
(kips) 
4 61 70 85 74 
3 108 134 162 134 
2 131 207 263 221 
1 154 227 292 258 
 
 
Table 8.10 – Test frame overstrength during earthquake simulations. 
 
Test FOE DBE MCE Aftershock 
Overstrength, Ω0 1.12 1.65 2.12 1.88 
 
 
Table 8.11 – Test frame maximum story drifts during earthquake simulations. 
 
Story FOE 
(radians) 
DBE 
(radians) 
MCE 
(radians) 
Aftershock* 
(radians) 
4 0.0057 0.017 0.035 0.012 
3 0.0057 0.020 0.037 0.015 
2 0.0056 0.030 0.048 0.021 
1 0.0042 0.021 0.033 0.013 
Maximum 0.0057 0.030 0.048 0.021 
*Aftershock maximum drifts are with respect to the post-MCE position. 
 
 
Table 8.12 – Test frame maximum roof drifts during earthquake simulations. 
 
Test FOE 
(radians) 
DBE 
(radians) 
MCE 
(radians) 
Aftershock* 
(radians) 
θroof,max 0.0044 0.021 0.036 0.015 
*Aftershock maximum drift is with respect to the post-MCE position. 
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Table 8.13 – Test frame residual floor displacements after earthquake simulations. 
 
Floor FOE 
(inches) 
DBE 
(inches) 
MCE 
(inches) 
Aftershock 
(inches) 
4 -0.50 -3.98 -8.60 -5.62 
3 -0.34 -3.06 -6.42 -4.02 
2 -0.26 -2.07 -4.28 -2.59 
1 -0.13 -0.89 -1.84 -1.18 
*All residual floor displacements are with respect to the pre-FOE position. 
 
 
Table 8.14 – Test frame residual story drifts after earthquake simulations. 
 
Story FOE 
(radians) 
DBE 
(radians) 
MCE 
(radians) 
Aftershock 
(radians) 
4 -0.0018 -0.010 -0.024 -0.018 
3 -0.0009 -0.011 -0.024 -0.016 
2 -0.0014 -0.013 -0.027 -0.016 
1 -0.0012 -0.008 -0.017 -0.011 
Maximum -0.0018 -0.013 -0.027 -0.018 
*All residual story drifts are with respect to the pre-FOE position. 
 
 
Table 8.15 – Test frame residual roof drifts after earthquake simulations. 
 
Test FOE 
(radians) 
DBE 
(radians) 
MCE 
(radians) 
Aftershock 
(radians) 
θroof,res -0.0013 -0.011 -0.023 -0.015 
*All residual roof drifts are with respect to the pre-FOE. 
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Table 8.16 – Test frame BRB maximum ductility demands during earthquake 
simulations. 
 
FOE DBE MCE Aftershock* Story 
Tens. Comp. Tens. Comp. Tens. Comp. Tens. Comp.
North 0.1 4.7 0.2 12.4 1.1 22.5 7.1 2.4 4 
South 1.2 1.7 9.5 1.3 19.9 2.3 2.8 6.8 
North 1.7 3.1 0 13.2 0.7 23.2 8.7 3.9 3 South 0.9 3.9 11.5 1.9 22.2 2.9 4.6 8.6 
North 1.3 3.4 0.5 15.8 1.7 24.2 10.1 6.9 2 South 0.8 3.4 14.6 2.1 26.0 1.4 7.9 9.5 
North 0.9 2.7 1.1 10.8 1.5 16.2 6.3 5.2 1 South 1.1 2.3 11.5 2.0 18.4 2.2 7.5 5.9 
Max. 1.7 4.7 14.6 15.8 26.0 24.2 10.1 9.5 
*Aftershock maximum ductility demands are calculated with respect to the initial 
position at the beginning of the aftershock simulation. 
 
 
Table 8.17 – Test frame BRB cumulative ductility demands during earthquake 
simulations. 
 
Story FOE DBE MCE Aftershock Total 
North 32 76 124 73 305 4 
South 22 76 132 73 303 
North 15 50 92 42 199 3 South 13 55 106 48 222 
North 18 71 130 55 274 2 South 14 73 139 55 281 
North 8 60 93 44 205 1 South 8 71 114 48 241 
Max. 32 76 139 73 305 
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Table 8.18 – Test frame normalized BRB maximum forces (Pmax/Py) during 
earthquake simulations. 
 
FOE DBE MCE Aftershock Story 
Tens. Comp. Tens. Comp. Tens. Comp. Tens. Comp.
North 0.91 1.08 1.07 1.32 1.31 1.60 1.22 1.47 4 
South 1.13 1.37 1.33 1.29 1.51 1.69 1.46 1.24 
North 1.02 0.98 1.19 1.29 1.36 1.54 1.33 1.42 3 South 1.02 0.96 1.22 1.14 1.35 1.35 1.33 1.28 
North 0.93 1.02 1.20 1.43 1.34 1.74 1.32 1.63 2 South 1.11 1.01 1.35 1.32 1.48 1.55 1.44 1.47 
North 0.85 1.01 1.03 1.23 1.17 1.52 1.13 1.40 1 South 1.05 1.01 1.18 1.23 1.31 1.40 1.26 1.34 
Max. 1.13 1.37 1.35 1.43 1.51 1.74 1.46 1.63 
 
  
Table 8.19 – Test frame BRB β values for all earthquake simulations. 
 
Story FOE DBE MCE Aftershock 
North 0.96 0.99 1.09 1.00 4 
South 1.55* 1.01 1.05 1.02 
North 0.95 1.06 1.14 1.06 3 South 0.94 0.96 0.99 0.96 
North 0.92 1.10 1.19 1.13 2 South 1.09 1.10 1.16 1.00 
North 0.96 1.14 1.19 1.21 1 South 1.15 1.20 1.19 1.16 
Max. 1.15 1.20 1.19 1.21 
*Excluded due to unusual behavior. 
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Table 8.20 – Comparison of BRB force and deformation predictions for prototype 
frame with maximum experimental response of test frame. 
 
Source μmax β ω βω 
AISC design 
predictions 9.4 1.18 1.50 1.78 
 Experimental 
DBE response 15.8 1.20 1.35 1.43 
Experimental 
MCE response 26.0 1.19 1.51 1.74 
 
 
Table 8.21 – Brace force transitions. 
 
BRB force (kips) 
Story 
Initial Post-FOE Post-DBE Post-MCE Post-aftershock 
4 1 1 1 0 2 
2 2 3 3 2 1 
3 2 2 1 2 1 
1 2 2 3 2 3 
Sum 7 8 8 6 7 
 
 
Table 8.22 – Test frame maximum story drift demands for quasi-static cyclic tests. 
 
Story θstory
(radians) 
4 0.029 
3 0.041 
2 0.050 
1 0.038 
Maximum 0.050 
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Table 8.23 – Test frame BRB demands for quasi-static cyclic tests. 
 
μmax Pmax/PyStory 
Tension Compression 
μc
Tension Compression 
North 11.6 17.1 133 1.58 1.73 4 
South 17.8 6.2 104 1.76 2.57 
North 19.4 16.6 190 1.60 1.62 3 South 19.2 19.5 231 1.57 1.56 
North 17.4 15.7 165 1.56 1.72 2 South 15.0 16.0 163 1.62 1.81 
North 22.4 13.5 167 1.45 1.65 1 
South 15.1 16.1 147 1.60 2.16 
Max. 22.4 19.5 231 1.76 2.57 
 
 
Table 8.24 – Test frame BRB demands for entire experimental program. 
 
μmax Pmax/PyStory 
Tension Compression 
μc
Tension Compression 
North 11.6 22.5 438 1.58 1.73 4 
South 19.9 6.2 407 1.76 2.57** 
North 19.4 23.2 389* 1.60 1.62 3 South 22.2 19.5 453* 1.57 1.56 
North 17.4 24.2 439* 1.56 1.80 2 South 26.2 16.0 444* 1.62 1.81 
North 22.4 16.2 372* 1.45 1.65 1 
South 18.4 16.1 388 1.60 2.16 
Max. 26.2 24.2 453 1.76 2.16 
*Failed 
** Excluded due to unusual behavior. 
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Figure 8.1 – Ground reaction linkage (North side). 
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Figure 8.2 – Ground reaction force versus reaction point displacement before 
tensioning.
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Figure 8.3 – Ground reaction force versus reaction point displacement after 
tensioning. 
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Figure 8.4 – Test frame mode shapes corresponding to the initial periods from Table 
8.6. 
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Figure 8.5 – Floor displacement histories for the FOE simulation. 
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Figure 8.6 – Ground linkage behavior during the FOE simulation. 
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(a) (b) 
 
Figure 8.7 – Initiation of yielding in structural tees during FOE simulation (t = 7.58 
seconds): (a) Overall view at Level 2 North; (b) Detail at Level 3 South. 
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Figure 8.8 – Response envelopes for FOE simulation: (a) story drift; (b) story shear. 
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Figure 8.9 – Response profiles at absolute maximum base shear (FOE, t = 2.46 
seconds): (a) floor displacement; (b) story shear; (c) overturning moment. 
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Figure 8.10 – Response profiles at absolute maximum roof drift (FOE, t = 7.02 
seconds) simulation: (a) floor displacement; (b) story shear; (c) overturning moment. 
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Figure 8.11 – Story drift histories for the FOE simulation. 
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Figure 8.12 – Story shear-drift response for FOE simulation: (a) Story 1; (b) Story 2; 
(c) Story 3; (d) Story 4. 
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Figure 8.13 – Story 1 and 2 BRB axial force-deformation response for FOE 
simulation: (a) Story 1 North BRB; (b) Story 1 South BRB; (c) Story 2 North BRB; 
(d) Story 2 North BRB. 
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Figure 8.14 – Story 3 and 4 BRB axial force-deformation response for FOE 
simulation: (a) Story 1 North BRB; (b) Story 1 South BRB; (c) Story 2 North BRB; 
(d) Story 2 North BRB. 
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Figure 8.15 – Normalized BRB axial force-deformation response for FOE simulation: 
(a) Story 1; (b) Story 2; (c) Story 3; (d) Story 4. 
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Figure 8.16 – Combined hysteretic and elastic strain energy time histories for the FOE 
simulation. 
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Figure 8.17 – Comparison of total and BRB combined hysteretic and elastic strain 
energy time histories for the FOE simulation. 
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Figure 8.18 – Floor displacement histories for the DBE simulation. 
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Figure 8.19 – Ground linkage behavior during the DBE simulation. 
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Figure 8.20 – Bolted beam splice at a story drift of 0.016 radians, Level 1 North 
(DBE, t = 3.26 seconds). 
 
 
 
 
Figure 8.21 – Bolted beam splice at story drift of 0.025 radians, Level 2 North (DBE, t 
= 3.26 seconds). 
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Figure 8.22 – Bolted beam splice at a story drift of 0.016 radians, Level 3 North 
(DBE, t = 3.26 seconds). 
 
 
 
 
Figure 8.23 – Story 2 South BRB, South end (DBE, t = 3.26 seconds). 
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Figure 8.24 – Test frame at a roof drift of 0.021 radians (DBE, t = 5.19 seconds). 
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Figure 8.25 – Response envelopes for DBE simulation: (a) story drift; (b) story shear. 
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Figure 8.26 – Response profiles at absolute maximum base shear (DBE, t = 3.07 
seconds) simulation: (a) floor displacement; (b) story shear; (c) overturning moment. 
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Figure 8.27 – Response profiles at absolute maximum roof drift (DBE, t = 5.21 
seconds): (a) floor displacement; (b) story shear; (c) overturning moment. 
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Figure 8.28 – Story drift histories for the DBE simulation.
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Figure 8.29 – Story shear-drift response for DBE simulation: (a) Story 1; (b) Story 2; 
(c) Story 3; (d) Story 4. 
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Figure 8.30 – Story 1 and 2 BRB axial force-deformation response for DBE 
simulation: (a) Story 1 North BRB; (b) Story 1 South BRB; (c) Story 2 North BRB; 
(d) Story 2 North BRB. 
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Figure 8.31 – Story 3 and 4 BRB axial force-deformation response for DBE 
simulation: (a) Story 3 North BRB; (b) Story 3 South BRB; (c) Story 4 North BRB; 
(d) Story 4 North BRB. 
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Figure 8.32 – Normalized axial force-deformation response for DBE simulation: (a) 
Story 1; (b) Story 2; (c) Story 3; (d) Story 4. 
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Figure 8.33 – Combined hysteretic and elastic strain energy time histories for the DBE 
simulation. 
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Figure 8.34 – Comparison of total and BRB combined hysteretic and elastic strain 
energy time histories for the DBE simulation. 
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Figure 8.35 – Floor displacement histories for the MCE simulation. 
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Figure 8.36 – Ground linkage behavior during the MCE simulation. 
 
 
  245
 
(a) 
 
 
(b) 
 
Figure 8.37 – Bolted beam splice at a story drift of 0.023 radians, Level 1 South 
(MCE, t = 3.30 seconds): (a) overall; (b) detail. 
slip 
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Figure 8.38 – Bolted beam splice at a story drift of 0.038 radians, Level 2 South 
(MCE, t = 3.30 seconds). 
 
 
 
 
Figure 8.39 – Bolted beam splice at a story drift of 0.025 radians, Level 3 North 
(MCE, t = 3.30 seconds). 
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Figure 8.40 – Bolted beam splice at a story drift of 0.025 radians, Level 3 South 
(MCE, t = 3.30 seconds). 
 
 
 
 
Figure 8.41 – Story 2 South BRB, South end deformation (MCE, t = 3.30 seconds). 
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Figure 8.42 – Test frame at a roof drift of 0.036 radians (MCE, t = 5.19 seconds). 
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Figure 8.43 – Level 2 South bottom of beam stub (MCE, t = 5.84 seconds). 
 
 
 
 
Figure 8.44 – Level 3 South bottom of beam stub (MCE, t = 5.84 seconds). 
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Figure 8.45 – Story 2 South BRB at a story drift of 0.028 radians (MCE, t = 12.03 
seconds). 
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Figure 8.46 – Response envelopes for MCE simulation: (a) story drift; (b) story shear. 
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Figure 8.47 – Response profiles at absolute maximum base shear (MCE, t = 3.04 
seconds): (a) floor displacement; (b) story shear; (c) overturning moment. 
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Figure 8.48 – Response profiles at absolute maximum roof drift (MCE, t = 5.21 
seconds): (a) floor displacement; (b) story shear; (c) overturning moment. 
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Figure 8.49 – Story drift histories for the MCE simulation. 
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Figure 8.50 – Story shear-drift response for MCE simulation: (a) Story 1; (b) Story 2; 
(c) Story 3; (d) Story 4. 
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Figure 8.51 – Story 1 and 2 BRB axial force-deformation response for MCE 
simulation: (a) Story 1 North BRB; (b) Story 1 South BRB; (c) Story 2 North BRB; 
(d) Story 2 North BRB. 
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Figure 8.52 – Story 3 and 4 BRB axial force-deformation response for MCE 
simulation: (a) Story 3 North BRB; (b) Story 3 South BRB; (c) Story 4 North BRB; 
(d) Story 4 North BRB. 
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Figure 8.53 – Normalized axial force-deformation response for MCE simulation: (a) 
Story 1; (b) Story 2; (c) Story 3; (d) Story 4. 
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Figure 8.54 – Combined hysteretic and elastic strain energy time histories for the 
MCE simulation. 
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Figure 8.55 – Comparison of total and BRB combined hysteretic and elastic strain 
energy time histories for the MCE simulation. 
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Figure 8.56 – Floor displacement histories for the aftershock simulation. 
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Figure 8.57 – Ground linkage behavior during the aftershock simulation. 
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Figure 8.58 – Response envelopes for aftershock simulation: (a) story drift; (b) story 
shear. 
 
*(Note: story drifts were calculated with respect to the initial position of the test frame 
at the beginning of the aftershock simulation.) 
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Figure 8.59 – Response profiles at absolute maximum base shear (aftershock. t = 3.04 
seconds): (a) floor displacement; (b) story shear; (c) overturning moment. 
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Figure 8.60 – Response profiles at absolute maximum roof drift (aftershock, t = 5.74 
seconds): (a) floor displacement; (b) story shear; (c) overturning moment. 
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Figure 8.61 – Story shear-drift response for aftershock simulation: (a) Story 1; (b) 
Story 2; (c) Story 3; (d) Story 4. 
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Figure 8.62 – Story 1 and 2 BRB axial force-deformation response for aftershock 
simulation: (a) Story 1 North BRB; (b) Story 1 South BRB; (c) Story 2 North BRB; 
(d) Story 2 North BRB. 
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Figure 8.63 – Story 3 and 4 BRB axial force-deformation response for aftershock 
simulation: (a) Story 3 North BRB; (b) Story 3 South BRB; (c) Story 4 North BRB; 
(d) Story 4 North BRB. 
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Figure 8.64 – Normalized axial force-deformation response for aftershock simulation: 
(a) Story 1; (b) Story 2; (c) Story 3; (d) Story 4. 
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Figure 8.65 – Combined hysteretic and elastic strain energy time histories for the 
aftershock simulation. 
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Figure 8.66 – Comparison of total and BRB combined hysteretic and elastic strain 
energy time histories for the aftershock simulation. 
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Figure 8.67 – Level 1 connection modification. 
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Figure 8.68 – Level 1 connection modification: (a) web full-penetration weld; (b) 
flange full-penetration weld. 
Full-penetration 
weld 
Backing bar 
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Figure 8.69 – Quasi-static testing histories: (a) floor displacement histories; (b) story 
drift histories. 
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Figure 8.70 – Quasi-static testing envelopes: (a) story drift; (b) story shear. 
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Figure 8.71 – Quasi-static testing maximum story drifts in Story 1 (0.038 radians) and 
Story 2 (0.050 radians). 
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Figure 8.72 – Level 1 North bottom flange yielding during quasi-static testing. 
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Figure 8.73 – Story 1 and 2 BRB axial force-deformation response for quasi-static 
tests: (a) Story 1 North BRB; (b) Story 1 South BRB; (c) Story 2 North BRB; (d) 
Story 2 North BRB. 
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Figure 8.74 – Story 3 and 4 BRB axial force-deformation response for quasi-static 
tests: (a) Story 3 North BRB; (b) Story 3 South BRB; (c) Story 4 North BRB; (d) 
Story 4 North BRB. 
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Figure 8.75 – North end of Story 1 North BRB after removal from test frame: (a) 
bulge in collar; (b) bulge in CFT under collar. 
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Figure 8.76 – North end of Story 1 North BRB after of collar and CFT: (a) damaged 
concrete; (b) core fracture. 
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Figure 8.77 –Story 1 South BRB: (a) after removal of CFT; (b) after removal of 
concrete. 
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Figure 8.78 – Normalized axial force-deformation response for all earthquake 
simulations: (a) Story 1; (b) Story 2; (c) Story 3; (d) Story 4. 
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Chapter 9 
Analytical-Experimental Response Comparison Studies 
 
9.1 Introduction 
This chapter presents comparisons made between the analytical and experimental 
earthquake simulations.  Several comparisons are employed.  To establish an initial 
point of comparison, the experimentally-evaluated elastic properties of the test frame 
are compared with the elastic properties from the analytical model. Then, a brief 
overall baseline comparison of the floor displacement response is made between the 
test frame results from each experimental earthquake simulation and the 
corresponding pre-test analytical model predictions from time-history analysis.  
Detailed comparisons between the experimental simulation results and results from an 
improved analytical model for the DBE-level input are then made.  The analytical 
results for these comparisons were obtained by imposing the recorded experimental 
displacement histories from the test frame on the analytical model. 
 
Another overall comparison of the floor displacement response from a time-history 
analysis of the improved analytical model and the experimental response of the test 
frame is made for the DBE-level input.  To explain discrepancies between the 
experimental and time-history analysis results, a brief overall comparison is made 
between the DBE experimental simulation results and a numerical simulation of the 
pseudo-dynamic laboratory test using a shear building model of the test frame.  
Results from an imposed displacement analysis of the refined analytical model are 
then compared with the MCE experimental simulation results for the test frame.  
Finally, a brief comparison is made between the maximum response quantities from 
the experimental earthquake simulations and statistical summaries of the prototype 
frame time-history analyses. 
 
9.2 Test Frame Analytical Model 
The test frame analytical model configuration is very similar to the prototype frame 
analytical model described in Chapter 3.  Figure 9.1 shows a schematic elevation of 
the test frame analytical model.  The measured steel stress-strain properties and 
dimensions for the structural shapes used in the test frame, described in Chapter 6, 
were used to define the stress-strain properties of the fiber elements used in the 
DRAIN-2DX model of the test frame.  Figures 9.2 to 9.4 plot the actual stress-strain 
behavior and the idealized stress-strain behavior for the beams, columns and structural 
tees, respectively.  Details about the actual material properties are contained in 
Chapter 6. 
 
9.3 Comparison Studies 
As noted above, analytical-experimental comparisons were made using several 
methods.  The experimental results from the test frame (TF) were compared with 
analytical results based on the following analytical studies: 
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1. Elastic stiffness evaluation with Test Frame Model 1 (TFM1) 
2. Time-history analysis with TFM1 
3. Imposed displacement analysis with Test Frame Model 2 (TFM2) and Test 
Frame Model 3 (TFM3) 
4. Time-history analysis with TFM3 
5. Pseudo-dynamic test simulation with Shear Building Model 1 (SBM1) 
6. Time-history analysis suites with Prototype Frame Model 2 (PFM2). 
 
TFM1 was the baseline DRAIN-2DX model for the analytical-experimental 
comparison studies.  TFM2 was TFM1 with modifications to the Bauschinger effect in 
the BRB model.  TFM3 was TFM2 with modifications to the bolted beam splice 
connection regions.  SBM1 was a shear building model that was used as an additional 
comparison point between the DRAIN-2DX model and the test frame. 
 
9.3.1 Elastic Stiffness Evaluation 
9.3.1.1 Test Frame Stiffness and Dynamic Properties (Test Frame Model 1) 
To compare the initial test frame elastic stiffness with the analytical model, a 4x4 
analytical stiffness matrix was constructed, using the procedure described in Chapter 8 
for constructing the 4x4 experimental stiffness matrix.  The analytical stiffness matrix 
for TFM1 is given in Table 9.1, and the corresponding experimental stiffness matrix is 
given in Table 9.2.  It should be noted that this stiffness matrix is different than the 
one given in Table 8.1.  This difference is due to the use of a modified procedure for 
evaluating the elastic stiffness matrix of the test frame. 
Early analytical-experimental stiffness matrix comparisons revealed that the test frame 
was more flexible than the analytical model.  This difference was attributed in part to 
fit-up tolerances at the pins used to connect the braces to the gusset plates, as 
discussed in Chapter 8.  When a given brace passes through zero force, its connection 
pins move from one side of the gusset plate holes to the other side, and the stiffness of 
the associated story softens temporarily.  If this story softening occurs during a test to 
evaluate the test frame stiffness, the resulting stiffness matrix will not agree with the 
analytical model since the analytical model does not include the connection fit-up 
tolerances. 
 
To perform a better evaluation of the experimental stiffness matrix of the test frame, a 
modified procedure was used.  Since the fit-up tolerances in the Story 1 braces 
appeared to be introducing the most flexibility, the basis for the modified procedure 
was to cause the braces in Story 1 to remain in contact at their end connections and not 
pass through zero force during the stiffness evaluation procedure.  This was 
accomplished by pushing all four floor levels to a displacement of 0.1 inches.  The 
previously used stiffness evaluation procedure was then conducted with this as the 
“zero” reference.  As shown in Table 9.2, the resulting stiffness matrix is very close to 
the analytical stiffness matrix given in Table 9.1.  In addition, Table 9.3 shows that the 
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natural periods calculated by DRAIN-2DX for the test frame analytical model are very 
close to those calculated using the experimentally evaluated stiffness matrix. 
 
9.3.1.2 Connection Model Revisions 
The good stiffness matrix and natural period correlation described in the previous 
section was obtained after a modification was made in the initial analytical model, 
described in Chapter 5.  As noted above, early analytical-experimental stiffness 
comparisons indicated that the analytical model was stiffer than the test frame.  As 
part of the investigation into this difference, measurements of the deformations 
occurring in the gusset plate connection regions of the test frame were made when the 
frame was under load.  These measurements revealed that more deformation was 
occurring in the gusset plates than had been anticipated when the initial analytical 
model was developed. 
 
Figures 9.5(a) and (b) illustrate the element configurations used in the beam-column-
brace and beam-brace connection regions, respectively.  As noted in Chapter 3, the 
initial modeling assumption was that the gusset plate regions would develop very little 
deformation since they are very stiff axially in relation to the BRB stiffnesses.  As a 
result, the gusset plate beam-column elements were assigned very large axial stiffness 
values.  To test this assumption, pairs of LVDTs were used to measure the axial 
deformations in the beam-column-brace connection regions at the North end of Stories 
2 and 3.  Figure 9.6 illustrates the LVDT configuration, along with notation used 
below. 
 
A low-level static pushover test was performed to generate forces in the connection 
regions.  Figures 9.7 and 9.8 plot BRB axial force vs. connection deformation for the 
North end of Stories 2 and 3, respectively.  The flatter regions in these plots are due to 
fit-up tolerances in gusset and BRB clevis pin holes.  These regions of the plots were 
not considered in the connection stiffness evaluation.  The steeper regions in the plots 
are assumed to give a rough estimate of elastic stiffness of the connection regions.  
The slopes of the two steeper branches in both plots were averaged to give an 
estimated experimental stiffness for the gusset plate connection regions, which yielded 
experimental connection stiffnesses, kconn,e, of 8500 kips/in and 6100 kips/in for 
Stories 2 and 3, respectively. 
. 
As a means of extrapolating these measurements to all stories, the connection region 
stiffness was assumed to be proportional to the pin diameter, dp, divided by the 
connection length, Lconn. (see Figure 9.6)  Thus, the connection stiffness is defined as: 
 
conn
p
connconn L
d
k α=  (9.1) 
where αconn is a proportionality factor that is assumed to be constant for all 
connections.  Since kconn,e values were measured as described above, Equation 9.1 can 
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be rewritten to determine corresponding experimental connection proportionality 
factors αconn,e: 
 
p
conn
e,conne,conn d
L
k=α  (9.2) 
 
Using the experimental stiffness estimates noted above for Stories 2 and 3, Equation 
9.2 was used to determined experimental connection factors, αconn,e, of 48700 kips/in 
and 38200 kips/in for Stories 2 and 3 respectively.  The average of these values, 43400 
kips/in, was then used in Equation 9.1 to calculate the connection stiffness values for 
all stories.  These stiffness values, listed in Table 9.4, were used in the analytical 
model, called Test Frame Model 1 (TFM1), which was used in the comparisons of the 
test frame stiffness and dynamic properties discussed earlier. 
 
9.3.2 Baseline Analytical-Experimental Comparison (Test Frame Model 1) 
Prior to conducting the experimental earthquake simulations, time-history analyses 
were conducted using TFM1 to predict the response of the test frame.  These analyses 
provide the basis for the initial analytical-experimental response comparisons. 
 
9.3.2.1 FOE 
Figures 9.9 to 9.12 plot comparisons of the four floor displacements for the FOE 
simulation.  In these figures, and all of the following analytical-experimental 
comparison figures, the experimental data is plotted with a heavy dark line and the 
analytical data is plotted with a light dashed line.  As illustrated, the analytical and 
experimental results are in good agreement for the first few displacement cycles.  At 
the negative displacement peak just past 4 seconds, the experimental response 
significantly exceeded the analytical predictions.  Subsequently, the displacement 
peaks in the positive direction were at or below the analytical prediction.  At the 
negative displacement peak just past 7 seconds, the experimental response again 
exceeded the analytical predictions, leading to permanent offsets in the displacement 
response at all floor levels.  Beyond this point – the point of maximum floor 
displacement for all levels – the measured test frame response exhibited a slight period 
elongation, indicated by the increase in time between displacement peaks.  Although 
the time variation of response was similar for the experimental and analytical 
simulations, the displacement amplitudes in the experiment beyond 15 seconds were 
significantly smaller than the analytical predictions. 
 
9.3.2.2 DBE 
Figures 9.13 to 9.16 plot comparisons of the four floor displacements for the DBE 
simulations.  As illustrated, the analytical and experimental results are in good 
agreement for the first few small displacement cycles.  At the first large negative 
displacement peak just past 3 seconds, the experimental response exceeded the 
analytical predictions.  In the subsequent 2 seconds of response, the experimental 
displacements did not return in the positive direction as much as predicted by the 
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analysis.  For Levels 3 and 4, the experimental displacements exceeded the previous 
maximum values.  When the test frame returned to the positive direction, it was not 
close to the analytical prediction and for the remainder of the earthquake simulation, a 
significant permanent offset was present at all floor levels.  Beyond the point of 
maximum roof drift, the measured test frame response exhibited a slight period 
elongation, indicated by the increase in time between displacement peaks.  However, 
in general, the time variation of response was similar for the experimental and 
analytical simulations and the relative peak-to-peak displacement amplitudes in the 
experiment beyond 5 seconds were similar to the analytical predictions. 
 
9.3.2.3 MCE 
Figures 9.17 to 9.20 plot comparisons of the four floor displacements for the MCE 
simulations.  As illustrated, the analytical and experimental results are in good 
agreement for the first few small displacement cycles.  At the first large negative 
displacement peak just past 3 seconds, the experimental response for Levels 2 through 
4 exceeded the analytical predictions.  In the subsequent 2 seconds of response, the 
experimental displacements did not return in the positive direction as much as 
predicted by the analysis.  For Levels 3 and 4, the experimental displacements 
exceeded the previous maximum values.  When the measured test frame response 
returned to the positive direction, it was not close to the analytical prediction and for 
the remainder of the earthquake simulation, a significant permanent offset was present 
at all floor levels.  Beyond the point of maximum roof drift, the test frame exhibited a 
slight period elongation, indicated by the increase in time between displacement 
peaks.  However, in general, the time variation of response was similar for the 
experimental and analytical simulations and the relative peak-to-peak displacement 
amplitudes in the experiment beyond 5 seconds were similar to the analytical 
predictions. 
 
9.3.2.4 Aftershock 
Figures 9.21 to 9.24 plot comparisons of the four floor displacements for the 
aftershock simulations.  As illustrated, the analytical and experimental results are in 
good agreement for the first few small displacement cycles.  After the large 
displacement peak in the negative direction just past 3 seconds, which was predicted 
accurately by the analytical model, the experimental response in the positive direction 
exceeded the analytical prediction.  In the subsequent 2 seconds of response, the 
experimental displacements plot above the analytical predictions and then significantly 
exceed the predictions at the positive displacement peak near 6 seconds.  Beyond this 
point of maximum roof drift, the measured test frame response exhibited a significant 
permanent positive offset at all floor levels.  Beyond the point of maximum roof drift, 
the measured test frame response exhibited a slight period elongation, indicated by the 
increase in time between displacement peaks.  However, in general, the time variation 
of response was similar for the experimental and analytical simulations and the 
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relative peak-to-peak displacement amplitudes in the experiment beyond 7 seconds 
were similar to the analytical predictions. 
 
9.3.3 Detailed Analytical-Experimental Comparison Using Imposed 
Displacements 
To evaluate the test frame analytical model in more detail, a set of imposed 
displacement analyses was conducted.  In these analyses, the recorded experimental 
displacements from the earthquake simulations were imposed on the test frame 
analytical model, and the internal force response was evaluated.  The imposed 
displacement histories consisted of: 
1. Four horizontal floor displacements – one at each floor level 
2. Two horizontal ground level displacements – one at each side of the frame 
3. Four displacements at the column bases – one horizontal and one vertical at 
each base.  
Since the laboratory experiments were carried out slowly, inertial and damping effects 
were not included in the model used for the analyses described below.  Analytical-
experimental comparisons are presented for the DBE and MCE simulations since they 
contained the most significant inelastic response. 
 
9.3.3.1 Bauschinger Effect Modification 
During the process of comparing the analytical and experimental results, it was noted 
that, in general, the experimental BRB hysteretic behavior exhibited slightly more 
Bauschinger effect than the analytical model.  That is, the analytical model exhibited 
fuller hysteresis loops when a BRB is unloading from tension yield and going into 
compression or unloading from compression yield and going into tension.  In response 
to this observation, a minor change was made to the BRB model to bring the analytical 
models for the test frame BRBs into closer agreement with the experimental results.  
This change is illustrated in Figure 9.25, which plots BRB force-deformation response 
at the DBE level for Story 1 along with the story shear carried by the BRBs in Story 1.  
The figures shows analytical results for Test Frame Model 1 (TFM1) with the original 
BRB model, Test Frame Model 2 (TFM2) with the modified BRB model and the 
experimental results for the test frame (TF).  As illustrated, the modification of the 
BRB model does not alter the strength of the BRBs, but the force deformation path is 
changed slightly.  Further analyses demonstrated that this change had no significant 
impact on the overall frame response; however the analytical results described in the 
remainder of this chapter include the BRB model modification.  No further 
comparisons are made. 
 
9.3.3.2 DBE Imposed Displacement Analysis (Test Frame Model 2) 
As noted above, the experimental DBE simulation was studied analytically by 
imposing the measured displacement histories on the test frame model.  To account for 
BRB cumulative isotropic hardening effects, the measured displacement histories from 
the FOE simulation were imposed on the model before imposing the DBE 
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displacement histories.  Figure 9.26 shows story shear-drift plots for the analytical and 
experimental DBE simulations.  As illustrated, the overall agreement is very good.  
The most significant differences occur in Stories 1 and 2, where the model is stronger 
in the negative story shear region.  However, the BRB components of story shear, 
plotted in Figure 9.27, do not show this same discrepancy, indicating that the 
discrepancy is related to the analytical model of the beams, columns and connections, 
and the associated frame action that they develop.  Comparisons of the individual 
BRB axial force-deformation response are plotted in Figures 9.28 and 9.29.  These 
plots indicate that the BRB analytical model does a good job of capturing the overall 
BRB cyclic behavior. 
 
Figure 9.30 plots analytical and experimental combined hysteretic and elastic strain 
energy time histories for the DBE simulation.  This energy calculation is performed as 
described in Chapter 8.  Consistent with the greater strength observed for the 
analytical model, the analytical model also dissipated more energy than the test frame.  
A comparison of the analytical and experimental BRB combined hysteretic and strain 
energy time histories, presented in Figure 9.31, shows that the BRB model captures 
very accurately the energy dissipated by the BRBs.  This result also indicates that the 
BRB model is not a source of analytical-experimental discrepancy. 
 
9.3.3.3 Modeling of Bolted Beam Splice Connections 
To investigate the cause of the negative-side strength discrepancy observed in Stories 
1 and 2, potential sources of model inaccuracy were studied.  While most regions of 
the test frame were fairly straightforward to idealize for the analytical model, the 
model for the bolted beam splice connections, shown in Figure 9.5(a), presented 
greater uncertainty.  Although slip at these joints occurred during the experimental 
simulations, no simple and direct model was available to model the slip behavior, and 
as a result, the bolted beam splice connections were initially modeled assuming no 
bolt slip.  This model allows the double structural tees to develop their full plastic 
capacity, which provides the upper bound flexural capacity for the bolted beam splice 
connections.  To study a case with a lower bound flexural capacity for the bolted beam 
splice connections, the fibers modeling the double structural tees were moved very 
close to the neutral axis of the section, effectively eliminating the flexural capacity of 
the bolted beam splice connections while maintaining the axial capacity.  This 
modeling approach is equivalent to introducing a pin in the connection regions. The 
test frame analytical model with the modified connection regions is labeled Test 
Frame Model 3 (TFM3). 
 
9.3.3.4 DBE Imposed Displacement Analysis (Test Frame Model 3) 
Figure 9.32 shows story shear-drift plots for the analytical and experimental DBE 
simulations.  The analytical response in Stories 3 and 4 is very similar to the analytical 
response shown previously for TFM2.  However, Stories 1 and 2 exhibit some notable 
differences in comparison to the TFM2 response (see Figure 9.26).  For both Stories 1 
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and 2 in TFM3, the strength of the analytical model in the negative direction is 
reduced in comparison to TFM2, and is much closer to the experimental response.  
However, for TFM3 the strength in the positive direction is also reduced and is less 
than the experimental response.  A comparison of the BRB components of story shear 
for TFM3 (Figure 9.33) and TFM2 (Figure 9.27) illustrates that the change in 
combined story BRB response between the TFM2 and TFM3 models is small.  
However, the individual BRB force-deformation plots for TFM3 (Figures 9.34 and 
9.35) and TFM2 (Figures 9.28 and 9.29) indicate that there are some differences in the 
BRB behavior in Stories 1 through 3 between models TFM2 and TFM3.  Although the 
BRB force levels are similar for TFM2 and TFM3, it is noted that the compression 
deformations are smaller and the tension deformations are larger in the TFM3 BRBs.  
This trend is not seen in the Story 4 BRBs since the Level 4 beam end connections use 
different details and the modeling of the connections was not modified between TFM2 
and TFM3.  In Figure 9.36, which plots analytical and experimental combined 
hysteretic and elastic strain energy time histories for the DBE simulations, it is seen 
that the energy dissipated in TFM3 is less than that dissipated in TFM2 (Figure 9.30) 
and much closer to the overall experimental result.  However, Figure 9.37 shows that 
the energy dissipated by the BRBs in TFM3 is lower than the experimental result. 
 
In summary, comparison of the experimental story shear-drift response with the 
analytical response from TFM2 (Figure 9.26) and TFM3 (Figure 9.32) indicates that, 
although both models are very close to the experimental results, neither model 
completely captures the actual test frame response.  In particular, there is a degree of 
asymmetry in the test frame response that is not captured accurately in the models.  As 
shown in Figure 9.26, the results from TFM2 match the test frame response well under 
positive story shear forces, while Figure 9.32 shows that the results from TFM3 are 
closer to the test frame response under negative story shear forces.  This asymmetry, 
which is not fully captured in the analytical model, is of particular interest since the 
test frame exhibited an unexpectedly large displacement response in one direction 
during the earthquake simulations.  As discussed earlier in this chapter, the large 
displacement response in the negative direction led to large residual drifts that were 
not predicted by the analytical model.  It is desirable to understand the factors leading 
to this type of response since residual drift plays a key role in determining the post-
earthquake serviceability of buildings. 
 
9.3.3.5 DBE Time-History Analysis (Test Frame Model 3) 
The improvements to the test frame analytical model were evaluated through time-
history analysis at the DBE seismic input level.  Since the energy dissipation in the 
imposed displacement analytical simulation using TFM3 is very close to the 
experimental simulation results and TFM3 provides the best overall match to the test 
frame in terms of story shear-drift response, TFM3 was chosen for this time-history 
analysis. 
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Figures 9.38 to 9.41 plot comparisons of the four floor displacements for the DBE 
simulation.  The results are similar to the initial DBE time-history analysis done with 
TFM1, except the response is shifted slightly in the negative direction.  As shown in 
Figures 9.13 to 9.16, the time history analysis of TFM1 resulted in positive residual 
drift, while the time history analysis of TFM3 resulted in negative residual drift.  This 
difference indicates that the behavior of the beam-column-brace connection regions 
has some influence on the overall frame response.  However, the strength differences 
between the applied displacement analysis using TFM3 and the test frame, 
demonstrated in the story shear-drift response comparison plotted in Figure 9.32, 
appear to be significantly affecting the correlation between the analytical and 
experimental displacement results.  These strength differences, which are seen in 
Figure 9.32(a) and (b) for Stories 1 and 2, respectively, where the story is stronger 
analytically in the negative direction and weaker analytically in the positive direction, 
are not fully captured by any of the DRAIN-2DX analytical models.  Therefore, an 
approximate shear building model was used to study the affect of these strength 
differences. 
 
9.3.3.6 DBE Pseudo-Dynamic Simulation (Shear Building Model 1) 
A discrete four-degree-of-freedom shear building model, called Shear Building Model 
1 (SBM1), was used to approximately model the test structure.  The story properties 
for the model are based on the response of the test structure during the DBE 
simulation.  The story shear-drift behavior is bilinear with different yield forces in the 
positive and negative directions.  For a given story, the positive and negative 
stiffnesses, both elastic and post-yielding, are equal.  Figure 9.42 plots representative 
story shear-drift hysteresis loops for SBM1, along with the test frame response from 
the experimental DBE simulation.  Table 9.5 lists the story properties for the shear 
building model.  The test frame mass matrix defined in Table 7.1 was also used for the 
shear building model.  As shown in Table 9.6, the natural periods for SBM1 are very 
close to those for the test frame and the analytical model presented in Table 9.3.  The 
damping matrix was defined using Rayleigh damping with a 2% damping ratio 
specified for the first and third modes, as described in Chapter 5. 
 
The pseudo-dynamic algorithm using the explicit Newmark method, implemented by 
Mercan [2003] in the computer program Mathcad [Mathsoft 2000], was used to 
perform the DBE simulation on SBM1.  Figures 9.43 to 9.46 plot the displacement 
time histories for the analytical simulation using SBM1 and the experimental 
simulation.  As illustrated, the first five seconds of the earthquake response for the test 
frame and SBM1 are very similar, particularly for Stories 1 to 3.  In addition, the 
residual drift remaining after the SBM1 simulation is much greater than that produced 
in the TFM3 simulation and is similar to the residual drift observed in the 
experimental simulation.  This result illustrates the importance of the strength 
differences that were modeled in SBM1 but not captured by TFM3, or the other 
analytical models. 
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The source of the story strength imbalance, stronger in the positive direction and 
weaker in the negative direction, is not fully understood.  The most likely explanation 
for this imbalance is unsymmetrical behavior of the bolted beam splices due to slip 
and inelastic action in the double structural tees of the bolted beam splice.  Further 
investigation is required to understand the impact of the connection behavior on the 
global frame response and performance.  Understanding the causes of the 
unsymmetrical frame strength is important since this behavior appears to lead to an 
accumulation of residual drift as demonstrated by the experimental simulations of the 
test frame and the analytical simulations of SBM1. 
 
9.3.3.7 MCE Imposed Displacement Analysis (Test Frame Model 3) 
Although it has been demonstrated at the DBE seismic input level that relatively small 
differences in frame strength between the model and the test frame produce 
appreciable differences in response, it is valuable to also consider experimental-
analytical correlation at the MCE seismic input level.  This comparison verifies that 
the model behavior is similar to the behavior of the test frame under more intense 
seismic input.  As described above for the DBE simulation, a MCE correlation study 
was performed by imposing the measured test frame displacement histories on the test 
frame analytical model (TFM3).  As noted for the DBE, all prior displacement 
histories that were experience by the test frame were imposed on TFM3 prior to 
imposing the MCE displacements.  This procedure accounted for the BRB cumulative 
isotropic hardening effects. 
 
Figure 9.47 shows story shear-drift plots for the analytical and experimental MCE 
simulations.  As illustrated, the overall agreement is good.  In Stories 1 and 2, the 
strength of the model is slightly smaller than that of the test frame in the positive 
direction, and slightly larger than that of the test frame in the negative direction.  In 
Story 3, the model is slightly weaker than the test frame in both direction, and in Story 
4, the agreement is very good in both directions.  As in the DBE simulation, the 
analytical-experimental comparison of story shear carried by the BRBs (Figure 9.48) 
shows good correlation, with the primary difference being slightly smaller positive 
strength in the model in Stories 2 and 3.  This understrength is also reflected in the 
BRB force-deformation comparisons shown in Figures 9.49 and 9.50.  The differences 
in BRB strength are due to experimental hardening behavior that was not captured by 
the model.  As explained in Chapter 5, the BRB isotropic hardening model was 
calibrated using test data from symmetric cyclic loading tests, and the BRB hardening 
behavior under realistic earthquake-induced demands is expected to be somewhat 
different.  However, the hardening parameters must be determined for a general 
loading condition rather than the response under a specific deformation history so that 
the model accurately captures general trends in behavior.  Figures 9.48 to 9.50 
illustrate that the model has done this. 
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Figure 9.51 plots analytical and experimental hysteretic plus elastic strain energy time 
histories for the MCE simulation and illustrates the excellent agreement between the 
model and the experiment in this regard.  Comparison of the analytical and 
experimental BRB hysteretic plus strain energy time histories, presented in Figure 
9.52, shows that the analytical BRB energy dissipation is notably less than the 
experimental BRB energy dissipation.  This result occurs because the BRBs develop 
lower forces in the model than in the experiment. 
 
9.3.4 Analytical-Experimental Comparison Between Pseudo-Dynamic Test 
Frame Results and Prototype Frame Time-History Suites (Prototype 
Frame Model 2) 
To link the experimental simulations with the prototype frame time-history analyses 
described in Chapter 5, a comparison of two important normalized response quantities, 
story drift and BRB maximum ductility demand, is made here.  Statistical summaries 
from the time history analyses of Prototype Frame Model (PFM2) are presented.  As 
discussed in Chapter 6, the test frame is a reduced-scale version of the prototype 
frame.  The primary difference between the prototype frame and the test frame is the 
relative sizes of the beams and columns in the upper half of the frames.  The prototype 
frame includes a column splice in Story 2 and smaller beam sections at Levels 3 and 4 
than at the lower levels.  The test frame has continuous columns and the same beam 
section is used at all levels.  Despite these differences, the time-history analysis results 
from the prototype frame should still provide reasonable estimates of the demands that 
will occur in the test frame.  
 
Figure 9.53 plots statistical summaries of story drift and BRB maximum ductility 
demand from the time-history analyses along with the maximum response quantities 
from the DBE experimental simulation.  As shown in Figure 9.53(a), the experimental 
drifts in Stories 3 and 4 fall between the mean and the mean plus one standard 
deviation drifts from the time-history analyses.  In Stories 1 and 2, the experimental 
drifts are greater than the mean plus one standard deviation analytical drifts.  Figure 
9.53(b) shows that the BRB maximum ductility demands follow a similar trend.  The 
experimental BRB maximum ductility demands are close to the mean plus one 
standard deviation analytical demands in Stories 3 and 4, and approximately equal to 
the analytical mean plus two standard deviation demands in Stories 1 and 2. 
 
Similar trends are seen for the MCE simulation results.  As Figure 9.54(a) illustrates, 
the experimental drift demands are close to the analytical mean plus one standard 
deviation demands, except for Story 2 where the experimental story drift is 
approximately equal to the analytical mean plus two standard deviation demands.  The 
experimental BRB maximum ductility demands plotted in Figure 9.54(b) are all 
slightly greater than the analytical mean plus one standard deviation demands. 
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While there are appreciable differences between the analytical response of PFM2 and 
the experimental response values presented above, the relative distributions of demand 
over the height of the structure are predicted reasonably well by PFM2, and this 
analytical model accurately identifies the portions of the structure that are most prone 
to damage.  The magnitude of the experimental response was surprisingly large and, as 
noted above, the differences between the experimental simulations and the analytical 
simulations with the test frame models (i.e., TFM1, TFM2 and TFM3) indicate that 
there are aspects of the experimental behavior of the test frame, most likely in the 
connection regions, that are not included in the analytical models.  Future research is 
needed to determine the key parameters affecting the experimental response of the test 
frame and to evaluate the sensitivity of the frame to changes in these parameters. 
 
9.3.5 Summary 
The analytical-experimental comparisons described above demonstrate the ability of 
the test frame analytical model to capture the response observed in the test frame 
during the experimental earthquake simulations.  Good analytical-experimental 
agreement was observed during the elastic-level evaluation of the test frame.  
Although the pre-test time-history analyses accurately predicted the general time 
variation of test frame response, the maximum drift demands in the experimental 
simulations were significantly larger than predicted by pre-test analyses.  In addition, 
residual drifts were significantly larger than predicted. 
 
Analyses in which the measured experimental displacement histories were imposed on 
the test frame analytical model demonstrated very close agreement between the 
analytical results and experimental results for brace force-deformation behavior.  The 
agreement for story shear-drift response was not as good, but was reasonable.  An 
approximate shear building model was used to demonstrate that the small strength 
differences observed between the model and the experiment had a significant impact 
on the response.  In particular, the asymmetrical nature of the story shear strength of 
the test frame was not completely captured by any of the test frame analytical models, 
and this asymmetry proved to be the cause of large maximum and residual drifts in the 
negative direction.  The asymmetry is suspected to be related to the bolted beam splice 
connection behavior, but further research is needed to study the connection behavior 
and performance in more detail. 
 
As noted in Chapter 8, the surprisingly large drift response of the test frame is a 
concern from a performance viewpoint, particularly due to the large residual drifts.  
Additionally, the inability of the analytical model to reliably predict the drift response 
points to the need for more research related to modeling of BRBFs.  Due to the low 
post-yielding stiffness of BRBs, it appears that the response of a BRBF with all of its 
braces yielded may be sensitive to structural parameters other than the braces, such as 
column stiffness and connection behavior.  These, and other related parameters, will 
require detailed further examination. 
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Table 9.1 – Test frame analytical model initial elastic stiffness matrix (TFM1). 
 
Floor 1 2 3 4 
1 1124 -640 36 2 
2 -640 1174 -590 40 
3 36 -590 904 -352 
4 2 40 -352 303 
Note: units of stiffness coefficients are kips/inch. 
 
 
Table 9.2 – Test frame experimental initial elastic stiffness matrix (modified elastic 
stiffness evaluation procedure). 
 
Floor 1 2 3 4 
1 1039 -642 -3 -14 
2 -642 1125 -522 32 
3 -3 -522 861 -320 
4 -14 32 -320 291 
Note: units of stiffness coefficients are kips/inch. 
 
 
Table 9.3 – Comparison of analytical (TFM1) and experimental test frame periods. 
 
Period (sec) Mode 
Analytical (TFM1)* Experimental** 
1 0.74 0.73 
2 0.28 0.28 
3 0.17 0.18 
4 0.13 0.13 
*These period were calculated directly by DRAIN-2DX. 
**These periods were calculated using the stiffness matrix given in Table 9.2. 
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Table 9.4 – Connection stiffness data. 
 
Story Lconn  
(in) 
dp 
(in) 
kconn,e 
(k/in) 
αconn,e 
(k/in) 
αconn* 
(k/in) 
kconn 
(k/in) 
4 15.6 2.0 - - 43400 5560 
3 17.2 2.75 6100 38200 43400 6900 
2 17.2 3.0 8500 48700 43400 7570 
1 17.0 3.5 - - 43400 8900 
* ),(average 3e,conn2e,connconn αα=α  
 
 
Table 9.5 – Shear building model (SBM1) properties. 
 
Story Positive yield 
strength 
(kips) 
Negative yield 
strength 
(kips 
Elastic 
stiffness 
(kips/in) 
Post-yield 
stiffness 
(kips/in) 
4 60 50 250 7.5 
3 120 90 400 20 
2 170 110 500 40 
1 200 150 480 45 
 
 
Table 9.6 – Shear building natural periods. 
 
Mode Period 
(seconds) 
4 0.74 
3 0.29 
2 0.19 
1 0.15 
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Figure 9.1 – Schematic elevation of test frame analytical model used for time-history 
analysis. 
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Figure 9.2 – Comparison of test frame beam actual stress-strain properties with multi-
linear idealization used in DRAIN-2DX analytical model. 
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Figure 9.3 – Comparison of test frame column actual stress-strain properties with 
multi-linear idealizations used in DRAIN-2DX analytical model. 
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Figure 9.4 – Comparison of test frame connection element actual stress-strain 
properties with multi-linear idealizations used in DRAIN-2DX analytical model. 
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Figure 9.5 – Test frame gusset plate region model: (a) beam-column-brace connection 
region; (b) beam-brace connection region. 
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Figure 9.6 – LVDT configuration for measurement of gusset plate region deformation. 
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Figure 9.7 – Story 2 North BRB axial force vs. connection region deformation. 
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Figure 9.8 – Story 3 North BRB axial force vs. connection region deformation.
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Figure 9.9 – Comparison of analytical prediction (TFM1) with experimental 
displacement response of Level 1 during FOE simulation. 
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Figure 9.10 – Comparison of analytical prediction (TFM1) with experimental 
displacement response for Level 2 during FOE simulation. 
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Figure 9.11 – Comparison of analytical prediction (TFM1) with experimental 
displacement response for Level 3 during FOE simulation. 
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Figure 9.12 – Comparison of analytical prediction (TFM1) with experimental 
displacement response for Level 4 during FOE simulation. 
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Figure 9.13 – Comparison of analytical prediction (TFM1) with experimental 
displacement response for Level 1 during DBE simulation. 
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Figure 9.14 – Comparison of analytical prediction (TFM1) with experimental 
displacement response for Level 2 during DBE simulation. 
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Figure 9.15 – Comparison of analytical prediction (TFM1) with experimental 
displacement response for Level 3 during DBE simulation. 
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Figure 9.16 – Comparison of analytical prediction (TFM1) with experimental 
displacement response for Level 4 during DBE simulation. 
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Figure 9.17 – Comparison of analytical prediction (TFM1) with experimental 
displacement response for during MCE simulation. 
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Figure 9.18 – Comparison of analytical prediction (TFM1) with experimental 
displacement response for Level 2 during MCE simulation. 
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Figure 9.19 – Comparison of analytical prediction (TFM1) with experimental 
displacement response for Level 3 during MCE simulation. 
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Figure 9.20 – Comparison of analytical prediction (TFM1) with experimental 
displacement response for Level 4 during MCE simulation. 
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Figure 9.21 – Comparison of analytical prediction (TFM1) with experimental 
displacement response for Level 1 during aftershock simulation (zeroed data). 
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Figure 9.22 – Comparison of analytical prediction (TFM1) with experimental 
displacement response for Level 2 during aftershock simulation (zeroed data). 
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Figure 9.23 – Comparison of analytical prediction (TFM1) with experimental 
displacement response for Level 3 during aftershock simulation (zeroed data). 
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Figure 9.24 – Comparison of analytical prediction (TFM1) with experimental 
displacement response for Level 4 during aftershock simulation (zeroed data). 
 
 306
-150
-100
-50
0
50
100
150
-2 -1.5 -1 -0.5 0 0.5
BRB Deformation (inches)
B
R
B
 F
or
ce
 (k
ip
s)
(a)TFM1
TFM2
TF
 
-150
-100
-50
0
50
100
150
-0.5 0 0.5 1 1.5 2
BRB Deformation (inches)
B
R
B
 F
or
ce
 (k
ip
s)
(b)
TFM1
TFM2
TF
 
-200
-100
0
100
200
-0.025 -0.02 -0.015 -0.01 -0.005 0 0.005
Story Drift (radians)
B
R
B
 S
to
ry
 S
he
ar
 (k
ip
s)
(c) TFM1TFM2
TF
 
Figure 9.25 – DBE response illustrating modification to BRB Bauschinger effect: (a) 
Story 1 North BRB force-deformation; (b) Story 1 South BRB force-deformation; (c) 
Story 1 total BRB story shear versus story drift. 
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Figure 9.26 – Story shear-drift response for analytical (TFM2) and experimental DBE 
simulations: (a) Story 1; (b) Story 2; (c) Story 3; (d) Story 4. 
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Figure 9.27 – BRB components of story shear for analytical (TFM2) and experimental 
DBE simulations: (a) Story 1; (b) Story 2; (c) Story 3; (d) Story 4. 
 
 309
-200
-100
0
100
200
-3 -2 -1 0 1
BRB Deformation (inches)
B
R
B
 F
or
ce
 (k
ip
s)
(a)
Test
Model
-200
-100
0
100
200
-1 0 1 2 3
BRB Deformation (inches)
B
R
B
 F
or
ce
 (k
ip
s)
(b)Test
Model
-200
-100
0
100
200
-3 -2 -1 0 1
BRB Deformation (inches)
B
R
B
 F
or
ce
 (k
ip
s)
(c)
Test
Model
-200
-100
0
100
200
-1 0 1 2 3
BRB Deformation (inches)
B
R
B
 F
or
ce
 (k
ip
s)
(d)
Test
Model
 
 
Figure 9.28 – Story 1 and 2 BRB axial force-deformation response for analytical 
(TFM2) and experimental DBE simulations: (a) Story 1 North BRB; (b) Story 1 South 
BRB; (c) Story 2 North BRB; (d) Story 2 North BRB. 
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Figure 9.29 – Story 3 and 4 BRB axial force-deformation response for analytical 
(TFM2) and experimental DBE simulations: (a) Story 3 North BRB; (b) Story 3 South 
BRB; (c) Story 4 North BRB; (d) Story 4 North BRB. 
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Figure 9.30 – Comparison of analytical (TFM2) and experimental combined hysteretic 
and elastic strain energy time histories for the DBE simulation. 
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Figure 9.31 – Comparison of analytical (TFM2) and experimental BRB combined 
hysteretic and elastic strain energy time histories for the DBE simulation. 
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Figure 9.32 – Story shear-drift response for analytical (TFM3) and experimental DBE 
simulations: (a) Story 1; (b) Story 2; (c) Story 3; (d) Story 4. 
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Figure 9.33 – BRB components of story shear for analytical (TFM3) and experimental 
DBE simulations: (a) Story 1; (b) Story 2; (c) Story 3; (d) Story 4. 
 314
-200
-100
0
100
200
-3 -2 -1 0 1
BRB Deformation (inches)
B
R
B
 F
or
ce
 (k
ip
s)
(a)
Test
Model
 
-200
-100
0
100
200
-1 0 1 2 3
BRB Deformation (inches)
B
R
B
 F
or
ce
 (k
ip
s)
(b)
Test
Model
 
-200
-100
0
100
200
-3 -2 -1 0 1
BRB Deformation (inches)
B
R
B
 F
or
ce
 (k
ip
s)
(c)
Test
Model
 
-200
-100
0
100
200
-1 0 1 2 3
BRB Deformation (inches)
B
R
B
 F
or
ce
 (k
ip
s)
(d)
Test
Model
 
Figure 9.34 – Story 1 and 2 BRB axial force-deformation response for analytical 
(TFM3) and experimental DBE simulations: (a) Story 1 North BRB; (b) Story 1 South 
BRB; (c) Story 2 North BRB; (d) Story 2 North BRB. 
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Figure 9.35 – Story 3 and 4 BRB axial force-deformation response for analytical 
(TFM3) and experimental DBE simulations: (a) Story 3 North BRB; (b) Story 3 South 
BRB; (c) Story 4 North BRB; (d) Story 4 North BRB. 
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Figure 9.36 – Comparison of analytical (TFM3) and experimental combined hysteretic 
and elastic strain energy time histories for the DBE simulation. 
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Figure 9.37 – Comparison of analytical (TFM2) and experimental BRB combined 
hysteretic and elastic strain energy time histories for the DBE simulation. 
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Figure 9.38 – Comparison of analytical prediction (TFM3) with experimental 
displacement response of Level 1 during DBE simulation. 
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Figure 9.39 – Comparison of analytical prediction (TFM3) with experimental 
displacement response of Level 2 during DBE simulation. 
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Figure 9.40 – Comparison of analytical prediction (TFM3) with experimental 
displacement response of Level 3 during DBE simulation. 
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Figure 9.41 – Comparison of analytical prediction (TFM3) with experimental 
displacement response of Level 4 during DBE simulation. 
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Figure 9.42 – Bi-linear story shear-drift characteristics used in Shear Building Model 1 
for DBE pseudo-dynamic test simulation: (a) Story 1; (b) Story 2; (c) Story 3; (d) 
Story 4. 
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Figure 9.43 – Comparison of pseudo-dynamic test simulation (SBM1) with 
experimental displacement response of Level 1 during DBE simulation. 
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Figure 9.44 – Comparison of pseudo-dynamic test simulation (SBM1) with 
experimental displacement response of Level 2 during DBE simulation. 
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Figure 9.45 – Comparison of pseudo-dynamic test simulation (SBM1) with 
experimental displacement response of Level 3 during DBE simulation. 
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Figure 9.46 – Comparison of pseudo-dynamic test simulation (SBM1) with 
experimental displacement response of Level 4 during DBE simulation. 
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Figure 9.47 – Story shear-drift response for analytical (TFM3) and experimental MCE 
simulations: (a) Story 1; (b) Story 2; (c) Story 3; (d) Story 4. 
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Figure 9.48 – BRB components of story shear for analytical (TFM3) and experimental 
MCE simulations: (a) Story 1; (b) Story 2; (c) Story 3; (d) Story 4. 
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Figure 9.49 – Story 1 and 2 BRB axial force-deformation response for analytical 
(TFM3) and experimental MCE simulations: (a) Story 1 North BRB; (b) Story 1 South 
BRB; (c) Story 2 North BRB; (d) Story 2 North BRB. 
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Figure 9.50 – Story 3 and 4 BRB axial force-deformation response for analytical 
(TFM3) and experimental MCE simulations: (a) Story 3 North BRB; (b) Story 3 South 
BRB; (c) Story 4 North BRB; (d) Story 4 North BRB. 
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Figure 9.51 – Comparison of analytical (TFM3) and experimental combined hysteretic 
and elastic strain energy time histories for the MCE simulation. 
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Figure 9.52 – Comparison of analytical (TFM3) and experimental BRB combined 
hysteretic and elastic strain energy time histories for the MCE simulation. 
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Figure 9.53 – DBE analytical and experimental maximum response envelopes: (a) 
story drift; (b) BRB maximum ductility demand. 
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Figure 9.54 – MCE analytical and experimental maximum response envelopes: (a) 
story drift; (b) BRB maximum ductility demand. 
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Chapter 10 
Summary and Conclusions 
 
10.1 Summary 
10.1.1 Motivation for Present Research 
Prior to the initiation of the present study, many researchers had studied the behavior 
of isolated buckling-restrained braces (BRBs); however, there was limited 
experimental data on system-level performance of buckling-restrained braced frames 
(BRBFs).  In addition, the experimental studies that had been conducted identified 
undesirable failure modes.  As a result, further research on the system-level 
performance of BRBFs was needed.  In particular, there was a need for new BRBF 
connection details with improved performance that enable the excellent ductility 
capacity of BRBs to be exploited.  Integrated analytical and large-scale experimental 
studies were necessary to address these issues, and to validate analytical models and 
evaluate the expected BRB maximum ductility demands for multiple seismic input 
levels. 
 
10.1.2 Research Objectives 
The overall objective of this research was to expand the knowledge base of BRBF 
behavior and performance under earthquake loading.  This overall objective was 
composed of five specific research objectives: 
1. To investigate system-level performance of BRBFs designed using current 
code provisions and detailed for good seismic performance under large 
ductility demands. 
2. To create analytical models of BRBFs and validate them through large-scale 
experimental earthquake simulations. 
3. To develop new BRBF connection details with improved performance. 
4. To evaluate expected BRB maximum ductility demands for multiple seismic 
input levels. 
5. To verify the ductility capacity of BRBs. 
 
10.1.3 Research Scope 
A prototype building, assumed to be a typical office building located on stiff soil in 
Los Angeles, California, provided the context for the present research.  BRBFs were 
the lateral-load-resisting system for the building.  A one-bay prototype frame was 
extracted from the prototype building and used as the focus for the analytical and 
experimental studies.  The design procedure for the prototype building was based on 
the International Building Code 2000 [ICC 2000] and the AISC Seismic Provisions 
[AISC 2005a].  The prototype building was square in plan and lateral loads were 
resisted by a total of eight BRBFs, four in each direction.  The prototype building was 
four stories tall and had one basement story. 
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A nonlinear analytical model of the prototype frame was developed using the 
structural analysis program DRAIN-2DX [Prakash et al. 1993] and used for nonlinear 
static pushover and time-history analyses.  The BRB model that was developed as part 
of this research and used in the prototype frame analytical model included isotropic 
and kinematic hardening effects [Fahnestock et al. 2003].  Static pushover analyses 
were performed on the prototype frame analytical model by applying tributary gravity 
loads in the model and then loading the frame with specified lateral load patterns to a 
maximum roof drift of 0.03 radians.  The static pushover analyses were conducted to 
evaluate the global frame response and the BRB ductility demands in relation to the 
global response. 
 
Time-history analyses were performed using the prototype frame analytical model, 
with the primary objective of evaluating the performance of the prototype frame when 
subjected to ground motions scaled to two seismic input levels: the design basis 
earthquake (DBE) and the maximum considered earthquake (MCE).  Results from the 
time-history analyses were presented statistically to account for the variability in the 
prototype frame response to input ground motions with different spectral 
characteristics.  The time-history analysis results were evaluated using broad 
performance objectives, which were quantified using specific performance criteria in 
the form of limit states and limits on dynamic response.  The life safety (LS) and near 
collapse (NC) performance levels were the target performance levels for the DBE and 
MCE seismic input levels, respectively. 
 
A test frame was designed for the large-scale experimental portion of this research.  
The test frame was a 3/5-scale version of the one-bay prototype frame, with some 
minor modifications.  Due to practical considerations and laboratory constraints, the 
test frame was not exactly equivalent to the scaled-down prototype.  However, the 
necessary adjustments to the test frame were made in such a way that the overall 
behavior would not be significantly impacted.  Since premature connection failures 
were noted in several recent BRBF tests, connection design and connection details 
were an area of focus for this research.  The beam-column-brace connections in the 
test frame were designed to allow rotation to occur with the goal of minimizing the 
bending moment that could develop in these connections.  This goal was accomplished 
by using BRBs with pinned end connections and implementing a new bolted beam 
splice connection, which used double structural tees as the connection elements.  For 
this connection, damage was designed to be limited to the double structural tees, 
which would be easy to replace if necessary.  The BRBs were specified to 
accommodate maximum ductility demands of 30 under MCE-level seismic input, 
based on the results of the time-history analyses.  This demand level was over three 
times greater than the demand predicted for the DBE level using the AISC procedure 
for BRBF design [AISC 2005a]. 
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The experimental earthquake simulations were conducted using the explicit Newmark 
pseudo-dynamic testing algorithm.  To account for the P-Δ effects associated with the 
gravity load supported by the gravity frames of the prototype building, a hybrid testing 
approach was implemented [Herrera 2005].  A lean-on column was introduced 
analytically and coupled with the pseudo-dynamic testing algorithm.  The 
experimental behavior and performance of the test frame were investigated in several 
ways.  The first phase of the experimental program consisted of elastic stiffness 
evaluation.  Following this phase, four earthquake simulations were conducted: a 
frequently occurring earthquake (FOE), a design basis earthquake (DBE), a maximum 
considered earthquake (MCE), and an aftershock earthquake equivalent to 80% of the 
DBE.  The experimental performance of the test frame was compared with the 
performance objectives and the design predictions.  The final phase of testing 
consisted of quasi-static cyclic tests designed to place very large demands on the test 
frame and to induce failure. 
 
A nonlinear analytical model of the test frame, similar to the prototype frame 
analytical model, was developed.  To evaluate the analytical model of the test frame, 
comparisons were made between the analytical and experimental earthquake 
simulations using several methods.  The experimentally-evaluated elastic properties of 
the test frame were compared with the elastic properties from the analytical model.  A 
brief overall baseline comparison of the floor displacement response was made 
between the test frame results from each experimental earthquake simulation and the 
corresponding pre-test analytical model predictions from time-history analyses.  
Detailed comparisons between the experimental simulation results and results from an 
improved analytical model for the DBE-level input were then made.  The analytical 
results for these comparisons were obtained by imposing the recorded experimental 
displacement histories from the test frame on the analytical model.  Another overall 
comparison of the floor displacement response from a time-history analysis of the 
improved analytical model and the experimental response of the test frame was made 
for the DBE-level input.  To explain discrepancies between the experimental and time-
history analysis results, a brief overall comparison was made between the DBE 
experimental simulation results and a numerical simulation of the pseudo-dynamic 
laboratory test using a shear building model of the test frame.  Results from an 
imposed displacement analysis of the improved analytical model were then compared 
with the MCE experimental simulation results for the test frame.  Finally, a brief 
comparison was made between the maximum response quantities from the 
experimental earthquake simulations and statistical summaries of the prototype frame 
time-history analyses. 
 
The analytical and experimental results were used to evaluate the current code-based 
design approach for BRBFs [AISC 2005a].  Code-based predictions were compared to 
the results from the earthquake simulations.  The adequacy of the BRB maximum 
ductility demands that are required by the current qualification testing protocol, which 
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is defined in the AISC Seismic Provisions [AISC 2005a], was evaluated and 
recommendations were made for improvement.  Connection design procedures were 
assessed and the performance of the improved connection details used in the test frame 
was established. 
 
10.2 Observations and Findings 
The following section contains observations and findings that are made based on the 
results of the prototype frame analytical studies, the experimental studies and the 
analytical-experimental comparisons. 
 
10.2.1 Prototype Frame Analytical Studies 
10.2.1.1 Static Pushover Analyses 
• Pushover analyses that were conducted up to a maximum roof drift of 0.03 
radians show that story drifts larger than 0.03 radians developed. 
• Local ductility demands (e.g., story drift ductility demand, BRB maximum 
ductility demand) are always larger than the global ductility demands (i.e., the 
roof drift ductility demand). 
• For the BRBF system, local BRB maximum ductility demands can be roughly 
50% greater than global roof drift ductility demand. 
 
10.2.1.2 Time-History Analyses 
• The maximum roof drifts were 0.024 and 0.037 radians for the DBE-level and 
MCE-level ground motions, respectively. 
• The maximum story drifts were 0.029 and 0.044 radians for the DBE-level and 
MCE-level ground motions, respectively. 
• At the DBE level, the mean story and roof drifts were equal to the response 
limits of 0.015 and 0.02 radians, respectively, corresponding to the life safety 
(LS) performance level. 
• At the MCE level, the mean roof and story drifts were below the response 
limits of 0.03 and 0.04 radians, respectively, corresponding to the near collapse 
(NC) performance level. 
• The mean plus one standard deviation BRB maximum ductility demands at the 
DBE and MCE seismic input levels were less than the response limits of 15 
and 25 for the LS and NC performance levels, respectively.  The largest BRB 
maximum ductility demands were 16.9 and 24.9 under the DBE-level and 
MCE-level ground motions, respectively. 
• The mean plus one standard deviation BRB cumulative ductility demands at 
the DBE and MCE seismic input levels were significantly less than the 
response limits of 200 and 400 for the LS and NC performance levels, 
respectively.  The largest BRB cumulative ductility demands were 104 and 936 
under the DBE-level and MCE-level ground motions, respectively. 
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• The BRB ductility demands were distributed reasonably over the height of the 
frame, with the maximum response for both seismic input levels occurring in 
Story 2. 
• BRBF kinematics produce BRB maximum ductility demand envelopes over 
the height of the BRBF that are similar in shape to the story drift envelopes. 
• For the DBE and MCE seismic input levels, the mean response quantities were 
below the LS and NC response limits, respectively.  Based on these results and 
the lack of inelastic response outside of the BRBs under the DBE seismic input 
level, the LS performance level was obtained in terms of structural 
performance.  Despite the appreciable residual drifts under the MCE, the 
prototype BRBF exhibited excellent performance, significantly better than the 
NC performance level in terms of structural performance, as qualitatively 
described in the NEHRP Recommended Provisions [FEMA 2003].  Based on 
the lack of inelastic response outside of the BRBs under the MCE seismic 
input level, the LS performance level also appears to have been met in terms of 
structural performance.  However, the large drifts indicate the potential for 
appreciable nonstructural damage, which could mean that the performance 
levels were not met in terms of nonstructural damage.   
• The mean residual roof and story drifts under the DBE-level ground motions 
were 0.003 and 0.005 radians, respectively.  Residual roof and story drifts as 
large as 0.011 and 0.013 radians, respectively, were observed under one 
ground motion. 
• At the MCE seismic input level, mean residual roof and story drifts were 0.010 
and 0.012 radians, respectively.  The maximum residual roof and story drifts 
were 0.024 and 0.027 radians, respectively. 
• The mean plus one standard deviation system overstrength factor, Ω0, under 
the DBE-level ground motions was 1.61, significantly less than the value of 2 
used in design. 
• The mean plus one standard deviation system overstrength factor, Ω0, under 
the MCE-level ground motions was 2.05.  Although this is only 2.5% greater 
than the design overstrength value of 2, the maximum overstrength observed 
under the MCE-level ground motions is 2.24, under the Valparaiso ground 
motion.  The overstrength observed in the prototype frame indicates a need to 
reevaluate the system overstrength factors given in the AISC Seismic 
Provisions [2005a]. 
• In the prototype frame design process, BRB overstrength values of 1.44 and 
1.73 were assumed for tension and compression, respectively, based on 
representative test data [Merritt et al. 2005b].  The mean plus one standard 
deviation BRB overstrength values for the MCE were 1.29 and 1.56, 
respectively, and the maximum BRB overstrength values were 1.34 and 1.65, 
respectively.  Thus, the BRB design overstrength values were adequate. 
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• Mean β values of 1.16 and 1.20 were observed for the DBE and MCE, 
respectively.  Mean ω values of 1.13 and 1.23 were observed for the DBE and 
MCE, respectively. 
• The predictive formulas for β and ω proposed by Merritt et al. [2003b] for Star 
Seismic BRBs are conservative for design, but they appear to make 
unrealistically large predictions beyond the range of the tests upon which they 
are based.  Although the linear approximations suggested for β and ω are easy 
to use in the design process, more accurate values can be obtained by using 
actual backbone curves from BRB qualification tests. 
• The BRB maximum ductility demands observed in the time-history analyses 
significantly exceed the ductility demand requirements of the current 
qualification testing protocol.  The BRB qualification testing protocol outlined 
in the AISC Seismic Provisions [AISC 2005a] requires, at most, that a 
maximum ductility demand of 9.9 be imposed.  In the present study (and in 
three of the analysis sets produced by Sabelli [2001]), the mean value BRB 
maximum ductility demand from the DBE level time-history analyses, equal to 
11.1, exceeds this value.  Consequently, the qualification testing protocol 
[AISC 2005a] does not demonstrate that BRBs provide the required maximum 
ductility capacity to withstand even the mean-level DBE demands. 
• Owing to the uncertainties in demand and capacity, as well as the fact that 
seismic input above the DBE (e.g., the MCE level) is expected, the BRB 
maximum ductility demand imposed by the qualification testing protocol 
[AISC 2005a] should greatly exceed the mean value demands at the DBE 
level.  Mean plus one standard deviation MCE-level maximum ductility 
demand (e.g., from the present study this value was 22.7) should be considered 
in the design process and the qualification testing protocol, so that poor 
performance will not occur if the DBE is exceeded. 
• The mean BRB maximum ductility demand under the DBE-level ground 
motions is nearly 20% greater than the demand predicted using the procedure 
outlined in the AISC Seismic Provisions [AISC 2005a].  Therefore, this 
prediction procedure is not adequate to predict the mean DBE-level maximum 
ductility demands as it is intended. 
• Based on the results of the present analytical study, the value of Cd = 5.5 for 
BRBFs is too low, a conclusion that is also supported by previous analytical 
studies [Sabelli and Aiken 2003].  The elastic displacements amplified by Cd = 
5.5 are significantly less than the mean maximum floor displacements for the 
DBE.  When the displacement amplification factor is set equal to the response 
modification coefficient (i.e., Cd = R = 8), the estimate of the inelastic 
displacements is close to the mean maximum floor displacements for the DBE. 
 
10.2.2 Experimental Studies 
• The maximum story drifts at the FOE, DBE and MCE levels were 0.0057 
radians, 0.030 radians and 0.048 radians, respectively. 
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• The maximum roof drifts at the FOE, DBE and MCE levels were 0.0044 
radians, 0.021 radians and 0.036 radians, respectively. 
• The maximum residual story drifts at the FOE, DBE and MCE levels were 
0.0018 radians, 0.0013 radians and 0.027 radians, respectively. 
• The residual roof drifts at the FOE, DBE and MCE levels were 0.0013 
radians, 0.011 radians and 0.023 radians, respectively. 
• The largest BRB maximum ductility demands at the FOE, DBE and MCE 
levels were 4.7, 15.8 and 26.0, respectively. 
• The largest BRB cumulative ductility demands at the FOE, DBE and MCE 
levels were 32, 76 and 132, respectively. 
• The test frame exhibited excellent performance and strength or stiffness 
degradation was not observed during the earthquake simulations.  The BRBs 
exhibited excellent performance.  They were subjected to significant ductility 
demands and strength or stiffness degradation was not observed during the 
earthquake simulations.  The earthquake simulations demonstrated the ability 
of the test frame to withstand significant seismic demands with minimal 
damage. 
• Excellent connection performance was observed.  The bolted beam splice 
connections permitted significant relative rotations to occur and these 
connections experienced only localized yielding, and distortion or other 
damage was not observed.  In addition, no distortion or damage occurred in 
the gusset plates.  The connections were shown to be capable of withstanding 
all imposed demands. 
• Since the BRB maximum ductility demands and roof and story drifts in the 
DBE and MCE simulations exceeded the response limits established for the 
LS and NC performance levels, respectively, the performance levels, strictly 
speaking, were not met.  However, based on the lack of inelastic response 
outside of the BRBs in the test frame and the lack of strength or stiffness 
degradation in the system, it is concluded that the LS and NC performance 
levels were met in terms of structural performance for the DBE and MCE 
seismic input levels, respectively. 
• The BRBs yielded and strain hardened significantly during the earthquake 
simulations, with maximum tension and compression force ratios equal to 1.51 
and 1.74, respectively.  The BRBs in Story 1 and Story 2 dissipated similar 
amounts of energy, and together, they accounted for most of the energy 
dissipation in the test frame. 
• The maximum test frame system overstrength was 2.12 at the MCE input level.  
This maximum overstrength is greater than the design value of 2 [AISC 
2005a], indicating that the design value is unconservative. 
• Although a properly designed and detailed BRBF is capable of withstanding 
severe seismic input, large residual drifts may present significant challenges 
when seeking to return buildings with BRBFs to service after a large seismic 
event. 
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• Multiple cycles at large maximum ductility demands will reduce the 
cumulative ductility capacity of a BRB. 
• The BRB end details, namely the pinned connections and collars, played a 
significant role in the good performance of the connection regions and the 
BRBs. 
• The bolted beam splices, which were composed of double structural tees and 
were used to connect the beams to the beam stubs, performed well and allowed 
significant relative rotations to occur between the beam ends and the beam 
stubs.  These bolted beam splices helped to limit the flexural demands in the 
connection regions and contributed to the good performance of the connection 
regions. 
 
10.2.3 Analytical-Experimental Comparison 
• Good analytical-experimental agreement was observed during the elastic-level 
evaluation of the test frame. 
• Although the pre-test time-history analyses accurately predicted the general 
time variation of test frame response, the maximum drift demands in the 
experimental simulations were significantly larger than predicted by pre-test 
analyses.  The residual drifts were also significantly larger than predicted. 
• Analyses in which the measured experimental displacement histories were 
imposed on the test frame analytical model demonstrated very close agreement 
between the analytical results and experimental results for brace force-
deformation behavior.  The agreement for story shear-drift response was not as 
good, but was reasonable. 
• An approximate shear building model was used to demonstrate that the small 
strength differences observed between the model and the experiment had a 
significant impact on the response. 
• The asymmetrical nature of the story shear strength of the test frame was not 
completely captured by any of the detailed test frame analytical models, and 
this asymmetry proved to be the cause of large maximum and residual drifts in 
the negative direction. 
• The asymmetry in story shear strength is suspected to be related to the bolted 
beam splice connection behavior. 
• Due to the low post-yielding stiffness of the BRBs, it appears that the response 
of a BRBF with all of its braces yielded may be sensitive to structural 
parameters other than the braces, such as column stiffness and connection 
behavior. 
 
10.3 Conclusions, Recommendations and Future Work 
10.3.1 Conclusions 
The major conclusions of the research described in this report are: 
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• The revised DRAIN-2DX inelastic truss element, which incorporates isotropic 
and kinematic hardening effects, accurately predicts BRB behavior under 
earthquake loading. 
• The analytical model of the test frame did not accurately predict the demands 
observed experimentally.  Asymmetrical strength in the test frame, which was 
not fully captured in the analytical model, appears to be the cause of the 
analytical-experimental discrepancy. 
• The experimental earthquake simulations provide an upper bound on the 
results from the time-history analyses.  Thus, the time-history analysis results 
are judged to be realistic and, along with the experimental results, they identify 
the expected range of behavior for BRBFs subjected to DBE-level and MCE-
level seismic input. 
• Based on the results of the time-history analyses and the experimental 
simulations, BRBFs designed using the equivalent lateral force procedure with 
some modifications, as noted below, for estimating BRBF drift and BRB 
ductility demand, and properly detailed, are judged to be capable of meeting 
the LS and NC performance levels in terms of structural performance at the 
DBE and MCE seismic input levels, respectively. 
• Properly detailed BRBs are capable of sustaining maximum ductility demands 
of 26. 
• Multiple cycles at large maximum ductility demands will reduce the 
cumulative ductility capacity of a BRB. 
• A new bolted beam splice connection using double structural tees was 
introduced for use in BRBFs.  This connection is capable of sustaining story 
drift demands over 0.04 radians without significant damage. 
• The amount of rotational restraint at the beam-column-brace connections and 
the moments that develop due to this restraint significantly influences the 
behavior and performance of the BRBF system. 
• The system overstrength factor, Ω0, of 2 that is prescribed in the AISC Seismic 
Provisions [AISC 2005a] for BRBFs with pinned connections at the beam-
columns joints may be unconservative for some cases. 
• The deflection amplification factor, Cd, of 5.5, which is prescribed in the AISC 
Seismic Provisions [AISC 2005a] for BRBFs with pinned connections at the 
beam-columns joints, does not accurately predict inelastic displacements that 
will occur under a design-level earthquake. 
• Setting the deflection amplification factor, Cd, equal to the response 
modification coefficient, R, provides a reasonable estimate of mean inelastic 
displacements for a design-level earthquake. 
• The procedure contained in the AISC Seismic Provisions [AISC 2005a] for 
predicting BRB maximum ductility demands significantly underestimates the 
demands.  This procedure is described by the expression: 
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by
bx
dpmax C2)( Δ
Δ=μ  (5.4) 
• The following expression provides a more accurate and slightly conservative 
prediction of BRB maximum ductility demands:  
 e,storyBRBhepmax RCCCC)( θκ=μ θ  (5.2) 
This prediction method, which was presented in Chapter 5, accounts for 
concentrations of deformation due to higher mode effects and inelastic 
response, and for different seismic input and statistical evaluation levels.  For 
the prototype frame used in the present study, when evaluated for mean plus 
one standard deviation response and MCE-level seismic input, Equation 5.2 is 
approximately equal to: 
 
by
bx
pmax R3)( Δ
Δ≈μ  (5.6) 
• The BRB qualification testing protocol in the AISC Seismic Provisions [AISC 
2005a] is inadequate and does not impose large enough maximum ductility 
demands. 
 
10.3.2 Recommendations 
The recommendations of the research described in this report are: 
• The BRB qualification testing protocol should require that BRBs be tested to 
the maximum ductility demands expected under MCE-level seismic input.  
These demands are typically between 20 and 25. 
• The BRB qualification testing protocol should consider system configuration.  
For systems that use beam-column-brace connections with significant 
rotational restraint, the testing protocol should require subassembly tests that 
include the connections, beams and columns. 
• Alternative loading histories, which are unsymmetrical and more 
representative of the demands expected during an earthquake, should be 
considered for the BRB qualification testing protocol.  A procedure to develop 
alternate loading histories similar to the one presented by Tremblay and 
Bouatay [2002] should be considered. 
• An improved method for predicting BRB maximum ductility demands, as 
described above, should be adopted. 
• The system overstrength factor, Ω0, for BRBFs with pinned connections at the 
beam-columns joints should be increased to a minimum of 2.5. 
• The deflection amplification factor, Cd, should be set equal to the response 
modification coefficient, R, for design of BRBFs. 
• Designers of BRBF systems should consider using beam-column-brace 
connection details that minimize connection moment. 
   338
• Use of R = 8 should be permitted for BRBFs with pinned connections at the 
beam-columns joints since this system configuration exhibited exceptionally 
robust behavior in the present research. 
 
10.3.3 Future Work 
The future research needs related to the research described in this report include the 
following items: 
• Research is needed to study in greater detail the behavior of the new bolted 
beam splice connection that was introduced in the present research.  In 
particular, assessment of the moment-rotation behavior is necessary to better 
understand the effect of the connection behavior on the global frame response. 
• Further studies are needed to examine the effect of restraint on beam-column-
brace connections in BRBFs and to develop a set of connections that is 
expected to exhibit good performance. 
• Research is required to investigate the effect that structural parameters other 
than the brace parameters, such as column stiffness, connection behavior, and 
building height have on dynamic response. 
• To improve the BRB qualification testing protocol, further studies are needed 
to develop loading histories that would be more representative of the demands 
expected during an earthquake. 
• Further studies are needed to develop an appropriate BRB damage model that 
accounts for the interaction between maximum and cumulative ductility 
demands and provides a reasonable estimate of ductility capacity. 
• Research is needed to explore methods for limiting residual drift in BRBFs.  
Tremblay and Merzouq [2004a and 2004b] introduced a dual BRBF system 
and demonstrated that it distributes inelastic demand over the height of the 
structure and reduces dynamic instability.  Dual systems such as this system 
warrant further investigation since they provide means to control residual drift. 
 339
References 
 
Aiken, I.D., Mahin, S.A., Uriz, P. [2002], “Large-Scale Testing of Buckling 
Restrained Braced Frames”, Proceedings, Japan Passive Control Symposium, Tokyo 
Institute of Technology, Yokohama, Japan, December. 
 
AISC [2001], Manual of Steel Construction – Load and Resistance Factor Design, 3rd 
Edition, American Institute of Steel Construction. 
 
AISC [2002], Seismic Provisions for Structural Steel Buildings, American Institute of 
Steel Construction. 
 
AISC [2005a], Seismic Provisions for Structural Steel Buildings, American Institute of 
Steel Construction. 
 
AISC [2005b], Code of Standard Practice for Steel Buildings and Bridges, American 
Institute of Steel Construction. 
 
AISC/SEAOC [2001], Recommended Provisions for Buckling-Restrained Braced 
Frames, American Institute of Steel Construction/Structural Engineers Association of 
California, October. 
 
ASCE [2002], ASCE 7-02 – Minimum Design Loads for Buildings and Other 
Structures, American Society of Civil Engineers. 
 
Astaneh-Asl, A. [1998], “Seismic Behavior and Design of Gusset Plates,” Steel Tips, 
Structural Steel Education Council, July. 
 
ASTM [1994], E8 – Standard Test Methods for Tension Testing of Metallic Materials, 
1994 Annual Book of Standards, American Society for Testing and Materials, 
Philadelphia, PA. 
 
AWS [1995], Specification for Carbon Steel Electrodes for Flux Cored Arc Welding, 
American Welding Society, ANSI/AWS A5.20-95. 
 
Black C.J., Makris N., and Aiken I.D. [2002], “Component Testing, Stability Analysis 
and Characterization of Buckling Restrained ‘Unbonded’ Braces,” Technical Report 
PEER 2002/08, Pacific Earthquake Engineering Research Center, University of 
California, Berkeley, CA. 
 
CEC [2003], Testpoint – Version 5, Capital Equipment Corporation, Middleboro, MA. 
 
 340
Chen, C.H., Hsiao, P.C., Lai, J.W., Lin, M.L., Weng, Y.T. and Tsai, K.C. [2004], 
“Pseudo-Dynamic Test of a Full-Scale CFT/BRB Frame: Part 2 – Construction and 
Testing,” Proceedings of the 13th World Conference on Earthquake Engineering, 
Vancouver, B.C., Canada, Paper No. 2175. 
 
Chopra, A. [1995], Dynamics of Structures: Theory and Application to Earthquake 
Engineering, Prentice Hall, Upper Saddle River, NJ. 
 
Clark P., Kasai K., Aiken I.D., and Kimura I. [2000], “Evaluation of Design 
Methodologies for Structures Incorporating Steel Unbonded Braces for Energy 
Dissipation,” Proceedings of the 12th World Conference on Earthquake Engineering, 
Upper Hut, New Zealand, Paper No. 2240. 
 
CSI [1997], SAP2000 Educational Version 6.04, Computers and Structures, Inc., 
Berkeley, CA. 
 
Deierlein, G.G. [1997], “Proposed Ground Motions for Dynamic Analyses,” 
Proceedings of the 4th Joint Technical Coordinating Committee Meeting, U.S. – Japan 
Cooperative Earthquake Research Program: Composite and Hybrid Structures, 
Monterey, CA. 
 
Dexter, R., Graeser, M., Saari, W., Pascoe, C., Gardner, C. and Galambos, T. [2000], 
“Structural Shape Material Property Survey, Final Report,” prepared for the Structural 
Shapes Producers’ Council by the University of Minnesota, Department of Civil 
Engineering, Minneapolis, MN, August 9, 2000. 
 
Fahnestock, L.A., Sause, R. and Ricles, J.M. [2004], “Refined Inelastic Truss Bar 
Element (Type 01) with Isotropic Hardening for DRAIN-2DX – Element Description 
and User Guide,” ATLSS Report No. 04-19, Lehigh University, Bethlehem, PA, 
August 2004. 
 
FEMA [2000], Prestandard and Commentary for the Seismic Rehabilitation of 
Buildings, FEMA 356, Federal Emergency Management Agency, Washington, D.C. 
 
FEMA [2003], NEHRP Recommended Provisions for Seismic Regulations for New 
Buildings and Other Structures, Part 1 - Provisions and Part 2 - Commentary, FEMA 
450, Federal Emergency Management Agency, Washington, D.C. 
 
Garlock, M. [2002], “Full Scale Testing, Seismic Analysis, and Design of Post-
Tensioned Seismically Resistant Connections for Steel Frames,” Ph.D. dissertation, 
Lehigh University, Bethlehem, PA. 
 
 341
Herrera, R. [2005], “Seismic Behavior of Concrete Filled Tube Column-Wide Flange 
Beam Frames,” Ph.D. dissertation, Lehigh University, Bethlehem, PA. 
 
ICC [2000], International Building Code, International Code Council, Falls Church, 
VA. 
 
Iwata, M., Kato, T. and Wada, A. [2000], “Buckling-Restrained Braces as Hysteretic 
Dampers,” Behavior of Steel Structures in Seismic Areas, Proceedings of the 3rd 
International Conference STESSA 2000, Mazzolani, F., and Tremblay, R. (ed.), 
Montreal, Canada, August 21-24, pp. 33-38. 
 
Iwata, M., Kato, T. and Wada, A. [2003], “Performance Evaluation of Buckling-
Restrained Braces in Damage-Controlled Structures,” Behavior of Steel Structures in 
Seismic Areas, Proceedings of the 4th International Conference STESSA 2003, 
Mazzolani, F. (ed.), Naples, Italy, June 9-12, pp. 37-43. 
 
Kimura, Y., Takeda, Y., Yoshioka, K., Furuya, N. and Takemoto, Y. [1976], An 
Experimental Study on Braces Encased in Steel Tube and Mortar, Proceedings of the 
Architectural Institute of Japan Annual Meeting, October 1976, pp. 1041-1042 (in 
Japanese). 
 
Lin, M.L., Tsai, K.C., Hsiao, P.C. and Tsai, C.Y. [2005], “Compressive Behavior of 
Buckling-Restrained Brace Gusset Connections,” Proceedings of the First 
International Conference on Advances in Experimental Structural Engineering, July 
19-21, Nagoya, Japan. 
 
Lin, M.L., Weng, Y.T., Tsai, K.C., Hsiao, P.C., Chen, C.H. and Lai, J.W. [2004], 
“Pseudo-Dynamic Test of a Full-Scale CFT/BRB Frame: Part 3 – Analysis and 
Performance Evaluation,” Proceedings of the 13th World Conference on Earthquake 
Engineering, Vancouver, B.C., Canada, Paper No. 2173. 
 
Lopez, W.A. [2006a], Personal communication, email, February 2006. 
 
Lopez, W.A.  [2006b], Personal communication, telephone conversation, February 
2006. 
 
Lopez W.A., Gwie D.S., Lauck T.W. and Saunders C.M. [2004], “Structural Design 
and Experimental Verification of a Buckling-Restrained Braced Frame System,” 
Engineering Journal, American Institute of Steel Construction, 41 (4): 177-186. 
 
Lopez W., Gwie D., Saunders M., and Lauck T. [2002], “Lessons Learned from 
Large-Scale Tests of Unbonded Braced Frame Subassemblage,” Proceedings, SEAOC 
71st Annual Convention. 
 342
Lopez, W.A. and Sabelli, R. [2004], “Seismic Design of Buckling-Restrained Braced 
Frames,” Steel Tips, Structural Steel Education Council, July. 
 
Mahin, S.A. and Shing, P.B. [1985], “Pseudodynamic Method for Seismic Testing,” 
Journal of Structural Engineering, American Society of Civil Engineers, 111 (7): 
1482-1503. 
 
Mathsoft [2000], Mathcad 2000 Professional. 
 
Mayes, R.L. [2006], Personal communication, email, February 2006. 
 
Mayes, R.L., Goings, C., Wassim, N., Harris, S., Lovejoy, J., Fanucci, J.P., Bystricky, 
P. and Hayes, J.R. [2004], Proceedings of the 13th World Conference on Earthquake 
Engineering, Vancouver, B.C., Canada, Paper No. 2887. 
 
Mercan, O. [2003], “Evaluation of Real-Time Pseudodynamic Testing Algorithms for 
Seismic Testing of Structural Subassemblages,” M.S. Thesis, Department of Civil and 
Environmental Engineering, Lehigh University, Bethlehem, PA. 
 
Merritt, S., Uang, C.M. and Benzoni, G. [2003a], “Subassemblage Testing of 
CoreBrace Buckling-Restrained Braces,” Structural Systems Research Project, Report 
No. TR-2003/01, University of California, San Diego. 
 
Merritt, S., Uang, C.M. and Benzoni, G. [2003b], “Subassemblage Testing of Star 
Seismic Buckling-Restrained Braces,” Structural Systems Research Project, Report 
No. TR-2003/04, University of California, San Diego. 
 
NCREE [2003], “Pseudo-dynamic Test of a 2D Full-Scale 3-Story 3-Bay CFT 
Buckling-Restrained Braced Frame,” National Center for Research on Earthquake 
Engineering, Taipei, Taiwan, 
http://cft-brbf.ncree.org/ 
 
NCREE [2005], “Sub-structural Pseudo Dynamic Tests of a 2-story Buckling 
Restrained Braced Frame Subjected to Bi-directional Earthquake Loads,” National 
Center for Research on Earthquake Engineering, Taipei, Taiwan, 
http://substructure-brbf.ncree.org/ 
 
Newmark N.M. and Hall W.J. [1982], Earthquake Spectra and Design, Earthquake 
Engineering Research Institute, El Cerrito, CA. 
 
PEER [2000], “Pacific Earthquake Engineering Research Center Strong Motion 
Database,” Pacific Earthquake Engineering Research Center, 
http://peer.berkeley.edu/smcat/ 
 343
Prakash V., Powell G.H., and Campbell S. [1993], “DRAIN-2DX Base Program 
Description and User Guide – Version 1.10,” Report No. UCB/SEMM-93/17 and 18, 
Structural Engineering Mechanics and Materials, Department of Civil Engineering, 
University of California, Berkeley, CA. 
 
Ricles J.M. and Popov E.P. [1994], “Inelastic Link Element for EBF Seismic 
Analysis,” Journal of Structural Engineering, American Society of Civil Engineers, 
120 (2): 441-463. 
 
Sabelli, R. [2004], “Recommended Provisions for Buckling-Restrained Braced 
Frames,” Engineering Journal, American Institute of Steel Construction, 41 (4): 155-
175. 
 
Sabelli R. [2001], “Research on Improving the Design and Analysis of Earthquake-
Resistant Steel Braced Frames,” The 2000 NEHRP Professional Fellowship Report, 
Earthquake Engineering Research Institute, Oakland, CA. 
 
Sabelli R. and Aiken I. [2003], “Development of Building Code Provisions for 
Buckling-Restrained Braced Frames,” Behavior of Steel Structures in Seismic Areas, 
Proceedings of the 4th International Conference STESSA 2003, Mazzolani, F. (ed.), 
Naples, Italy, June 9-12, pp. 813-818. 
 
SAC [1997], “Suites of Earthquake Ground Motions for Analysis of Steel Moment 
Frame Structures,” 
http://quiver.eerc.berkeley.edu:8080/studies/system/ground_motions.html 
 
Seo, C. [2005], “Influence of Ground Motion Characteristics and Structural 
Parameters on Seismic Responses of SDOF Systems,” Ph.D. dissertation, Lehigh 
University, Bethlehem, PA. 
 
Somerville P., Smith N., Punyamurthula, S. and Sun J. [1997], “Development of 
Ground Motion Time Histories for Phase 2 of the FEMA/SAC Steel Project,” SAC 
Background Document SAC/BD-97/04, SAC Joint Venture, Sacramento, CA. 
 
SSRC [1998], Guide to Stability Design Criteria for Metal Structures, 5th Edition, 
John Wiley and Sons, Inc., T.V. Galambos, editor.  
 
Thornton, W.A. [1984], “Bracing for Heavy Construction,” Engineering Journal, 
American Institute of Steel Construction, 21 (3): 139-148. 
 
 
 
 
 344
Tremblay R., and Bouatay, N. [2002], “Loading Protocols for the Seismic Testing of 
Ductile Bracing Members in Concentrically Braced Steel Frames,” Proceedings of the 
12th European Conference on Earthquake Engineering, Paper No. 480, London, 
September 9-13. 
 
Tremblay R., Degrange G., and Blouin J. [1999], “Seismic Rehabilitation of a Four-
Storey Building with a Stiffened Bracing System,” Proceedings of the 8th Canadian 
Conference on Earthquake Engineering, Vancouver, British Columbia, Canada. 
 
Tremblay, R. and Merzouq, S. [2004a], “Dual Buckling Restrained Braced Steel 
Frames for Enhanced Seismic Response,” Proceedings of the Passive Control 
Symposium, Tokyo Institute of Technology, Yokohama, Japan, pp. 89-104. 
 
Tremblay, R. and Merzouq, S. [2004b], “Improving the Seismic Stability of 
Concentrically Braced Steel Frames,” Proceedings 2004 SSRC Annual Technical 
Session and Meeting, Long Beach, CA. 
 
Tsai, K.C., Hsiao, B.C., Lai, J.W., Chen, C.H., Lin, M.L. & Weng, Y.T. [2003a], 
“Pseudo Dynamic Experimental Response of a Full Scale CFT/BRB Composite 
Frame,” Proceedings of the Joint NCREE/JRC Workshop on International 
Collaboration on Earthquake Disaster Mitigation Research, Tapei, Taiwan. 
 
Tsai K.C., Loh C.H., Hwang Y.C., and Weng C.S. [2003b], “Seismic Retrofit of 
Building Structures with Dampers in Taiwan,” Symposium of Seismic Retrofit of 
Buildings and Bridges with Base Isolation and Dampers, Kyoto University, Japan. 
 
Tsai, K.C., Went, Y.T., Lin, S.L. and Goel, S [2004], “Pseudo-Dynamic Test of a Full-
Scale CFT/BRB Frame: Part 1 – Performance Based Specimen Design,” Proceedings 
of the 13th World Conference on Earthquake Engineering, Vancouver, British 
Columbia, Canada, Paper No. 750. 
 
Uang C.M. [1991], “Establishing R (or Rw) and Cd Factors for Building Seismic 
Provisions,” Journal of Structural Engineering, American Society of Civil Engineers, 
117 (1): 19-28. 
 
Uang C.M. and Maarouf A. [1994], “Deflection Amplification Factor for Seismic 
Design Provisions,” Journal of Structural Engineering, American Society of Civil 
Engineers, 120 (8): 2423-2436. 
 
Uang, C.M., Nakashima, M. and Tsai, K.C. [2004], “Research and Application of 
Buckling-Restrained Braced Frames,” International Journal of Steel Structures, The 
Korean Society of Steel Construction, 4 (4): 301-313. 
 
 345
Usami T., Kasai A., and Kato M. [2003], “Behavior of Buckling-Restrained Brace 
Members,” Behavior of Steel Structures in Seismic Areas, Proceedings of the 4th 
International Conference STESSA 2003, Mazzolani, F. (ed.), Naples, Italy, June 9-12, 
pp. 211-216. 
 
Wakabayashi, M., Nakamura, T., Katagihara, A., Yogoyama, H. and Morisono, T. 
[1973], “Experimental study on the elasto-plastic behavior of braces enclosed by 
precast concrete panels under horizontal cyclic loading – Parts 1 and 2, Summaries of 
technical papers of annual meeting, Volume 10, Architectural Institute of Japan, 
Structural Engineering Section, pp. 1041-1044 (in Japanese). 
 
Watanabe, A. [1992], “Development of Composite Brace with a Large Ductility,” 
Proceedings of the U.S.-Japan Workshop on Composite and Hybrid Structures, 
Berkeley, CA, September 10-12, Goel S. and Yamanouchi, H. (ed.). 
 
Watanabe A., Hitomi Y., Saeki E., Wada A., and Fujimoto M. [1988], “Properties of 
Brace Encased in Buckling-Restraining Concrete and Steel Tube,” Proceedings of the 
9th World Conference on Earthquake Engineering, Tokyo-Kyoto, Japan. 
 
Weng, Y,T., Lin, J.L., Tsai, C.Y. and Tsai, K.C. [2005], “Analytical Assessment of a 
2-Story BRBF for Full-Scale 3D Sub-Structural Pseudo-Dynamic Testing,” 
Proceedings of the First International Conference on Advances in Experimental 
Structural Engineering, July 19-21, Nagoya, Japan. 
 
Whitmore, R.E. [1952], Experimental Investigation of Stresses in Gusset Plates, 
Bulletin No. 16, Engineering Experiment Station, University of Tennessee. 
 
Xie, Q. [2005], “State of the art buckling-restrained braces in Asia,” Journal of 
Constructional Steel Research, Elsevier, 61 (6): 727-748. 
 
Yoshino T. and Karino, Y. [1971], “Experimental study on shear wall with braces: 
Part 2 – Summaries of technical papers of annual meeting, Volume 11, Architectural 
Institute of Japan, Structural Engineering Section, pp. 403-404 (in Japanese). 
 
